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INTRODUCTION 

Page 1-1 

This document is the Final Technical Report for Phase I of JPL Contract 

950470, as described in Article 1 .a.  4 . i  of the Statement of Work. The goal of 

of Phase I was to define optical ,  mechanical, electronic,  and detector parameters 

of the  Lunar and Planetary Horizon Sensor (LPHS) in  accordance with JPL Specifi- 

cation 2960. 

Section 1 . 0  
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GENERAL DESCRIPTION 

Section 2.0 GENERAL DESCRIPTION 

2 .1  EXTERNAL CONFIGURATION 

Page 2 - 1  

The system cons is t s  of four cubical scanning heads and a smaller elec- 

tronics package. The heads can be mounted separately or i n  combination, with 

interconnecting cables  between the heads and the electronic module. The mount- 

ing configuration will not be worked out until Phase I11 of the  program. 

Figure 2-1 shows the external view of a scanning head. On the vehicle ,  

each  head must have an  unobstructed view through a 90" arc  as shown. The heads 

a re  aligned to within 0. OS0 of the vehicle vertical by rotation in  the x-y plane.  

Alignment in the other planes is less critical and should be kept within 1.0" of 

the vehicle axis. 

The heads are  designed to function correctly with severe thermal gradients 

present,  but low absorptivity external surfaces will insure optimum performance, 

especial ly  on sunward missions.  

Each head weighs about 6 pounds, making the system weigh 25 pounds 

including the  electronic module. Maximum total power required is 3.5 watts of 

the specified available 104 volt peak to peak, 2400 cycle power and 5 .5  watts 

of the +28 volt power, making a total of 9 watts when operating in space .  For 

laboratory testing in a i r ,  the +28 volt power increases  to make maximum total 

power about 15 watts.  

2 . 2  SCAN GEOMETRY 

The complete LPHS system util izes four optical heads arranged orthog- 

onally. The radiation from space and earth passes  through a sil icon window in  

each  head with a 14 micron turq-on filter coating, and is focused by means of a 

sperhical mirror onto the 9 0  detector array. The entrance aperture and mirror 

comprise a Schmidt wide angle optical system. A t  the focal plane of each 

collecting mirror is an array of 9 0 thermopiles, and their f ields of view are  shown 

in Figure 2-2.  

The LPHS is intended to provide two-axis local vertical position error 

signals and apparent angular diameter information when used on the  following 

SCAN GEOMETRY Section 2 . 2  
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reference bodies: the Moon, Mars , Venus , and the Earth. This is accomplished 

by electronically scanning the celestial body in the fa r  infrared, proceeding from 

space  to earth.  Horizon edge position information is obtained from each of four 

scanning heads , and is subsequently processed to determine attitude and alt i tude.  

Figure 2 -2 shows the scanning configuration in a typical orientation. The 

rectangular scan  segments are  sequentially sampled , beginning with segement. A 

and proceeding down toward the local vertical 0 2  to  end at segment n. Each 

segment sampled is considered as a single count in the processing logic, and 

corresponds to a 0.9O by 10" field of view. Ninety segments make up a single 

scan sector. The four scan  sectors are commutated simultaneously, completing 

each cycle in 0 . 2  seconds. Figure 2-3 shows the acquisition pattern of the com-  

plete sensor.  

Attitude information is provided by the difference in counts between horizon 

crossovers in  opposite sectors  during a single scan cycle .  Altitude information 

is obtained by totaling the counts in opposite secotr pairs until horizon crossover 

is obtained in all sectors.  This information also is used to indicate the presence 

of a foreign body that causes  a disturbance of the attitude readout. 

The presence of a foreign radiant source such as the sun or the earth seen 

from the moon will cause  no error until the near limb of the disturbing body is 

within three scan segments (about 3") of the reference body. In the worst case, 

this  will produce under three degrees maximum error at the output. An alarm output 

will be provided while such disturbance is present. The geometry for foreign body 

interference is shown in Figure 2-4. I 

2.3  SIGNAL PROCESSING 

The processing circuit for the LPHS is shown in the system block diagram 

(Figure 2-5) , as presently conceived. 

By means of a photocommutator, the detector outputs are  sequentially 

sampled , starting with the uppermost detector, and proceeding down towards the 

nadir. At the  end of each  scan ,  1 0  additional sample counts are  taken while no 

detectors a re  being sampled, and various logic operations occur prior to starting 

the next scanning period. 

SIGNAL PROCESSING Section 2 . 3  
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After commutation, the detector output signals pas s  through a single pole , 

double throw switch assembly, called the 0-1 switch. This switch is also photo- 

activated , and has  an  appropriate drive for its neon bulbs. Its purpose is to allow 

commutated signals from the detectors to pass  through to the following logarithmic 

amplifier until determination is made of horizon crossover, at which t i m e  the 

amplifier input is grounded. Then signals are  no longer fed into the amplifier. 

until after completion of the scan ,  at which t i m e  the switch is reset .  The action 

is then repeated. The inclusion of this switch in the processing reduces the 

maximum t i m e  duration of the signal to be amplified to a minimum. 

The logarithmic signal preamplifier that  follows the commutator and switch 

amplifies the weak detector output signals to usable levels. After amplification , 
the signal is fed into two circuits.  The interrogate switch samples the preampli- 

fier output, and sets the power level into the radiation offset heat source to bring 

the output signal t o  zero volts on the space viewing detectors.  The other circuit 

is a t i m e  delay threshold circuit , which makes a determination on an  amplitude 

and t i m e  duration bas is  , whether proper horizon crossover has  been achieved. 

The t i m e  determination feature of the threshold circuit enables s m a l l  

spurious targets (such as the sun, or the moon as viewed from the earth,  or the 

earth as viewed from the moon) to be  eliminated. 

Subsequent to the threshold circuit, the signal is handled on a zero-one 

bas is .  Based on the threshold circuit output timing sequences,  three determina- 

tions must be  made: attitude error, altitude and spurious target presence.  It is 

also necessary to provide the proper final system output signals from these de-  

terminations. 

Attitude error is obtuined by integrating a difference signal generated by 

threshold crossovers of opposite pairs of heads.  The pdlarity of the integrated 

difference signal is determined by the first  threshold crossed and its amplitude 

is proportional to the difference. 

Altitude information is obtained separately from the "X" and IlY'l axis 

heads.  The t i m e  interval readout from the start  of the cycle to horizon threshold 

crossover for one head is doubled and added to the tilt readout of the pair, giving 

Section 2 . 3  
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the apparent planet subtense angle in that axis. This is compared to a similar 

determination from the other axis I and the larger is given as the altitude read- 

out. If the difference exceeds two counts I the alarm output is activated I indi- 

cating a foreign body or a system maifunction. 

2.4  LOGIC FUNCTIONS 

The following formulations express the interrelationships between the 

various threshold crossover t i m e s  and the previously covered descriptions of 

system output functions. 

Definitions 

X1 = count of elements on space of X channel during single scan.  1 

. . X2 = count of elements on space of X channel during single scan.  2 

Yl = count of elements on space of Y channel during single scan .  

Y2 = count of elements on space of Y channel during single scan.  

1 

2 

Formulas Showinq T i l t  and Altitude Readout Louic 

- X ) = tilt readout on "X" axis. 

(Y, - Y,) = tilt readout on "Yl' axis. 

( x l  2 

I L 

-7< (X1 - X &Elinear tilt readout 2 

-7< (yl - Y2%*7'linear tilt readout 

(X1 -t X ) = altitude readout using 

(Y1 + Y2) = altitude readout using 

2 

- (XI - x 2 )  = (xl + x,) = "X" 
2x1 

(XI - X2) is in linear range. 

. 2Y1 - (Y1 - Y ) = (Y1 + Y2) = ttY,I 

(yl - Y ) is in linear range. 2 

LOGIC F UNCTIONS 

range on "X" axis. 

range on "Y" axis. (4) 

"X" axis information. (5) 

"Y" axis information. ( 6) 

axis altitude information I when 
( 7) 

axis altitude information, when 
( 8) 

. .. 

Section 2 .4  
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No te  that  formulas (7) and (8) obtain altitude by subtracting the s m a l l  

tilt readout signals from the large count readout on only single arms of the re- 

spective "X" and "Yll axis. It is simpler to obtain alkitude by utilizing the 

processing implied by this  formulation than by formulas (5) and (6) .  In formulas 

(5) and (61, each  altitude determination is obtained by summing two large numbers , 

whereas in formulas (7) and (8) only requires accurate generation of one of the 

large numbers, and summing in the tilt readout required to provide the attitude 

output. 

This method of determining altitude is only accurate while the tilt read- 

outs are in their linear range. 

its diameter no longer lies within a detector half-width of the "X" and "Y'l sensor 

axis, altitude readout is automatically inaccurate by any method. With the de  - 
tector s i zes  that will be used ,  both methods are equally accurate around null 

tilt readout. 

However, when the planet attitude is such that 

2.4). 1 Spurious Body Determination Loqic 

When "XI' and "Y" axis altitude information agree,  the implication is that 

no spurious body is present to cause  the tilt readout error. If they don ' t  agree,  

however , either a spurious body is present, or a circuit malfunction has  occurred , 

i .e.  , a timing malfunction in the time delay threshold circuit can  produce the 

equivalent effects of a spurious body signal in the following tilt and altitude cir-  

cu i t s .  There is no way to separate these two conditions. 

Assuming no circuit malfunctions, and both the "X" and "Y" axis tilt read- 

outs within their limited linear range, the following relationships hold when no 

spurious body is near the true horizon. 

and 

(XI +x2) - (YI -Y2)  = 0 ( 2) 

LOGIC FUNCTIONS 8 Sect,ion 2.4 
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When a spurious body is near enough to the true horizon on either of the 

"X" arms to cause  error, 

and 

When a spurious body is present on the "Y" axis close enough to the 

true horizon to cause  error, 

and 

I 
1 
t 
8 
8 
8 
I 
I 
I 
I 
8 
8 
8 
8 
I 
I '  
I RADIATION RESPONSE 

Therefore, as long as the tilt readouts are  not saturated,  by providing 

the larger of the two altitude indications as the system readout, proper altitude 

will be indicated irrespective of the presence of the spurious foreign body. Also, 

the polarity indicated by formulas (4)  and (6) can be carried through as a final 

output. 

provides means to  determine whether the "X" or "Y" axis tilt readouts are  in 

error due to the body's presence. 

In addition to the indication of presence of a spurious body, this  a l so  

If the tilt readouts are saturated, and no circuit malfunction ex i s t s ,  both 

the altitude readout circuit and spurious body indication output may be inaccurate. 

The saturated tilt readout polarities, however, will still be indicating the direction 

of tilt correctly. 

2 .  5 RADIATION RESPONSE 

Of the planetary bodies considered, the Moon experiences the greatest  

variation in temperature, going from 120°K on the dark side to 400°K fully illumi- 

nated. The 120°K signal represents the minimum anticipated signal but processing 

thresholds will be set to less t.han one half this  level, or 100°K. Figure 2-6 shows 

1 

Section 2 .  5 
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emitted radiation vs 

of X . Note the reduction in contrast due to  longer wavelength turn-on, espe-  

c ia l ly  with regard to the sun. Sun signal is further reduced because at m o s t  only 

two active junctions in a single thermopile can  receive solar radiation at any 

t i m e .  

source temperature for wavelengths beyond various values 

0 

Systems using longer wavelength turn-on emer ience  less contrast be- 

tween hot and cold regions , however, the longest wavelength filter coating of 

this  type is a 19 micron coating made by Optical Coating Latjoratories, Inc. This 

filter achieves 40% average transmission to 35 microns, beyond which it becomes 

opaque due to coating absorption. With this  coating, the system energy transfer 

function, Figure 2-7 , shows a signal of less than 2 microvolts at 120°K, which 

m a k e s  the system barely operable. To gain more energy, the turn-on can  be set 

at a shorter wavelength. This increases contrast, but since the system must be 

designed to operate with extreme contrast anyway, a moderate increase is tolerable. 

It is also possible to  ge t  higher average transmission with a shorter wavelength 

turn-on, and since less thickness and fewer layers of coating are required, it may 

be possible to get  increased transmission beyond 35 microns. Because of the 

atmospheric "window" which ends at 14 microns in a CO absorption band, it 

would be desirable to turn on at 1 4  microns. This would minimize contrast on 

planetary bodies with atmospheres containing CO although it would have no 

special  significance on the Moon. In the case if Mars and Venus , where extreme 

variations in surface temperature ex is t ,  it is desirable to avoid spectral bands 

where atmospheric transmission may be high. Both planets appear to have higher 

CO concentrations than the Earth . 

2 

2' 

2 
2 

Figure 2-7 also shows the output voltage from a single thermopile as a 
2 

function of source temperature. A responsivity of 05 volts/watt/cm is antici-  

pated , giving approximately 2 microvolts for a 120°K source. With a 250 c p s  

bandwidth and a maximum detector-photocommutator impedance of 2 .O K ,  the 

source noise to the preamplifier will be less than 0.5 microvolts peak- toqeak .  

The preamplifier input impedance will be about 100K, so that  the detector-photo- 

commutator imppdance can  be considered zero ohms to ground. In th i s  condition, 

RADIATION RESPONSE Section 2 . 5  
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the f i r s t  stage transistor noise in our bandwidth is close to 2 microvolts 

peak-to-peak, making the system amplifier-noise limited. For the 120°K case 

signal to noise ratio 

2 .6  ENVIRONMENTAL CAPABILITY 

on a peak-to-peak basis  , is g .  

At th i s  t i m e  , no difficulty is seen in meeting the anticipated environment , 
except pos sib&:+$ of temperature. The commutator photoresistors a re  limited in 

upper temperature l i m i t  to +7 0°C , due to  the manufacturer's c l a i m  of chemical 

deterioration at higher levels .  It may prove possible to allow higher temperatures 

for short periods of t i m e ,  and further investigation is necessary in this  area.  An 

arbitrary lower operational l i m i t  for the system of -40°C was used throughout the 

design, and no difficulty is expected here. 

Operation in either vacuum or atmosphere (lab testing) was considered , 
and no significant difficulties were encountered. Due to convection cooling , 

somewhat more power is required for the heating of various assemblies during 

atmospheric operation. The system will be open to  vacuum in normal operation 

in space.  

Solar radiation (Venus orbit) provides the worst thermal gradient conditions 

and also can  affect certain optical coatings. Proper design eliminates thermal 

gradients , and coated silicon provides an  ultraviolet-immune optical material. 

Redundancy in the neon lamps and photoresistor cells increases the 

system immunity to micrometeorites, a s  does the ability of the system to operate 

satisfactorily if a detector-commutator line opens. The use of double walls also 

decreases  the probability that micrometeorites will damage the system. 

The effects of penetrating radiation have been considered in the selection 

of materials , and only one area is considered questionable. Under very high 

levels  of radiation , such as are  found in the Van Allen bel ts  , the neon l a m n  

conduction became lower, and the l a m p s  may appreciably glow even without 

excitation. L i t t l e  detailed information has  been found regarding this  problem. 

Other factors , such as vibration , acceleration, shock , input potential 

variations , radio frequency interference , and magnetic field effects will be con- 

sidered in detail  in Phase I1 design, although no difficulty is foreseen at this  t i m e ,  

ENVIRONMENTAL CAPABILITY Section 2 . 6  
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Section 3 . 0  SYSTEM OPTICS 

3 . 1  OPTICAL DESIGN 

The optical system is basically an uncorrected Schmidt with a 90" by 

10" field of view. An optical ray trace is shown in Figure 3-1. Aberrations 

in the 90" direction are critical and must be kept below 0 5" total, while in  

the 10" direction they are  uncritical up to 5". Since the active thermopile 

area is approximately equal to the separation between adjacent thermopiles, 

a perfectly focused system with no aberration would produce step-like output 

changes as the horizon passes  from detector to detector. 

such a system would produce a linear increase as the horizon moves across  the 

detector and its adjacent gap. 

is high enough to produce a blurring of the horizon edge, preventing usage of 

th i s  technique. This blurring varies sinusoidally (one-half cycle) and does not 

Slight defocusing of 

Unfortunately, circle of confusion in this  system 

improve the horizon crossover. In fac t ,  i f  permitted to  become larger than the 

gap between thermopiles, count error can  occur in digital processing when the 

signal amplitude becomes high enough to activate an  adjacent detector with the 

tail-off of the blurred edge. With an analogue interpolation techniqQe, which 

will be  described later,  this  condition would produce no appreciable error., 

3.2 APERTURE 

The effective aperture is shown in Figure 2 -7 Obscuration occurs be - 
cause  of the detector bridge and the offset heat source. These are  shaped SO 

that  they present the s a m e  percentage of obscuration to all detectors.  T h e  

bridge is constant width and the offset heat source is in a plane parallel to the 

window. 

A curious problem uncovered concerns the circle of confusion presented 

by a rectangular aperture. A s  described before, circle of confusion is critical 

in the short dimension of the aperture. This type of aberration is proportional 

to f- number, and consequently to  aperture width as measured through its cenrer 

at any angle.  Since the diagonal of a rectangle is its largest  dimension, circle 

of confusion in  th i s  direction is maximum. If treated as a vector quantity, we 

APERTURE Section 3.2 
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SYSTEM OPTICS Page 3-4 

find that the x- component of this  circle of confusion exceeds that of the short 

dimension of the aperture itself. The result is a dog-biscuit shaped circle of 

confusion which is excessive at the ends: thus the x- component of the aber- 

ration must  be kept constant,  or not larger than a given value. 

Referring to Figure 3-2A, the component OX of aberration OB produced by 

the aperture 01 is OB cos e .  For a spherical mirror of F .L.  = +1, (R = +2), the 

longitudinal spherical aberration is given by: 

1-cos u) A x  = 
cos w 

where w, (see Figure 3-2B) is the angle between 
the radius CI  and the axis. 

For an object at infinity, the image ray E' m a k e s  an  angle 2co with the 

axis, and the lateral  spherical aberration is given by: 

1-cosw Ay = 2 s i n w  2 cos2u)-1 

where A y  = OB as shown in Figure 3-2B. 

The problem of determining 01 as a function of yields a fourth order 

equation, which would be tedious to  solve completely. The following procedure, 

however, provides useful information regarding the shape of the aperture. Let  

us assume that the extremity I of the radius of aperture 01 traces a straight line 

IA, parallel to axis OY, see Figure 3-2C. In this  case we have: 

OB cos = a ,  and 01 cos - - yo 

where a is the largest acceptable value for the 
aberration and y is the aperture when = 0. 

0 

Now, according to relation (21, A y  increases when y increases , consequen ly 

the starting aperture y has  to yield an x- component aberration smaller than the 

acceptable l i m i t .  

0 

The following equation derived from relation (2)  by assuming that I moved 

along line IA gives the angle of aperture w as  a function of e ,  a ,  and y 
0 

2 
2acos  w + 2 y  0 c o s w - ( y 0 + a )  = 0 (3) 

Section 3.2 APERTURE 
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In our case a = 0 . 0 1 4 9 5 ,  corresponding to a radius of aperture 0 . 1 7 3 6 5 ,  

and by solving (3) for different yo the values of < yield the shape of the aperture 

in th i s  system. Thus, 

2 +0 .0299  COS CD + 2 x 0.19081 cosu) -0 .39657 = 0 ,  

from which we extract the positive cos 03 = 0 .96622  or u) = 1 4 . 9 3 4  to obtain 

cos c = 0 .74041  or c = 4 7 . 7 6 6 .  

Consequently, to produce a strip shaped circle of confusion, a lip- 

shaped aperture is necessary.  (In polar coordinates, an equation for this  

aperture shape is: r = 3 C s c  0 : This aperture is theoretically infinite in 

extent.) It is sufficient to round the corners of the aperture as shown in Figure 

2-7 to reduce the aberrations to an  acceptable level. 

J 

Because the apparent aperture would be spectrally modified if seen through 

the window material, the actual  aperture is located inside the window. To mini- 

mize thermal gradients,  the aperture should be a n  inherent part of the housing 

which includes the detector bridge. Placing the aperture inside the window will 

further reduce gradients and make assembly eas ie r ,  as only a simple retainer is 

required which can  be screwed on from the outside.  

3 . 3  WNDOW 

A s  previously described, the window will become transmitting at 14 mi-  

crons and continue as far as possible beyond 35 microns. Figure 3-3 (sheet  l 

and 2) is attached, which shows the window and coating characterist ics.  The 

substrate will be si l icon, although KRS -5 could be considered for laboratory ex- 

periments. KRS-5 is more fragile , experiences cold flow, and deteriorates when 

exposed to solar radiation. Silicon, with its 14 micron coating, is not known 

to be affected in any way. Optical Coating Laboratories , Inc. will probably 

fabricate and coat th i s  element. 

3 . 4  MIRROR 

Figure 3-4, which shows the mirror, is attached. The mirror is made of alumi- 

num to prevent thermal strain when attached to the aluminum housing. The Kanigen 

MIRROR Section 3 . 4  
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process will be used to prepare the ground surface for polishing, and the final 

surface will be aluminized. The entire fabrication will be  performed at Barnes 

Engineering Company. 

3 .5  PHOTOCOMMUTATOR 

In order to maximize resistance change in the cell, it is essent ia l  that  

as much light from each  neon lamp reach the active cell surface, and that th i s  

light be of the proper spectral composition. When off , it is desirable that no 

extraneous light reach the cell surface. Figures 3-5 and 3-6 show the spectral 

match achieved using the AIC type lamp, and the optical arrangement as v isua l r  

ized. Two lamps will be  used in parallel redundancy. Their back surfaces will 

be aluminized to be highly reflecting. Reflecting walls (aluminized mylar) ex- 

tend to the cell surface. The use  of parallel reflecting walls allows every ray 

coming from the glow region within the 110' angle shown to eventually hit the 

cell surface. Additional rays will also be reflected by the back surfaces,  but 

the  efficiency is much lower. A flat rear surface would not appreciably increase 

the light transfer, s ince secondary reflections from it would have to pqss  through 

two neon lamps instead of one. 
, 

3.6 THERMOPILE DETECTORS 

3 .6 .1  Confiquration 

Barnes Engineering Company is developing a special  five thermopile de-  

tector block which should be relatively inexpensive. This will permit lineariza- 

tion of the array , allowing a total of one hundred detectors in ngnety degrees.  

This detector will also achieve higher sensitivity than similar types due to in- 

tensive research in this  area.  

These thermopiles are  mounted on a pure aluminum substrate (Figure 3-7) 

which has  five channels cut  into its surface. A flat mylar insulating f i l m  is over 

the channeled surface and thin layers of bismuth and antimony are deposited 

using the mask shown in  Figure 3-8. These materials appear in  alternate sequence, 

with larger active areas  superimposed above the channel (hot junctions) and above 

I 
THERMOPILE DETECTORS Section 3 . 6  
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the ridges supporting the mylar (cold junc tbns) .  The hot junctions are  then 

covered with a material that  is highly black in the infrared. External leads a re  

attached. 

3 .6 .2  Thermal Analysis 

The vast improvement obtained with these  thermopiles lies in the ratio be- 

tween active collecting area and the thermal impedance of the leads between hot 

and cold junctions. Active area :has  been made as large as possible,  while leads 

have become narrower, thinner, and thermal impedance of bismuth and antimony 

leads has  been equalized. The thinner antimony layer has  been placed on top of 

the bismuth, which results in greater interpenetration of the two materials. The 

following table gives  the relative s izes  of the various a reas .  

TABLE 3-1 

.ctive Junction 

Bismuth 

Antimony 

lackening 

Gold Black 

3M/Zapon 

ismuth Lead 

ntimony Lead 

as sive Junction 

B i  

Sb 

Mylar 

Width* 

.008 

.008 

.008 

.008 

.0035 

.0035 

.008 

.008 

.008 

~ ~~ 

* Inches 

Lens th* 

.012 

.012 

.012 

.012 

.007 

.007 

.012 

.012 

.012 

Thickness* 

,0002 

.00008 

* .0002 

* .  0004 

.0002 

.00008 

.0002 

.00008 

.00025 

Thermal 
Conduct ivitv 

- 
- 

.018 

.042 

.00025 

** Given in c.g.s. units (Handbook of Chemistry & Physics).  

THERMOPILE DETECTORS 

* 
~~ 

C apacitv 

.03 

.05 

.03 - . 4  

- 

- 

- 
- 
- 

Section 3 . 6  
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The sensit ivity of a single junction, based on this  is: 

2 .008 x . 012  x 2.54 2 s =  (4.27 + 4.57) x x 4.186 = 1 7 . 1  O C/watt/cm 

This neglects losses due to radiation and through the mylar backing, which a re  

trivial. 

higher than through the leads .  The thermoelectric potential generated by a 

bismuth-antimony pair is about 120 microvolts/”C. This produces .043 volts/ 

watt/cm 

the  art advances and thinner deposited leads  become possible.  

The c d d  junction coupling is ignored, as its conductivity is fifty t i m e s  

2 for twenty-one active junctions. This may be improved as state of 

The t i m e  constant of the  detector is relatively uncritical in  th i s  applica- 

tion. Gold black and black paint a r e  possible blackening materials having radically 

different t ime constants.  

.008 x .012 x ( .03  x .0002 + .05 x ,0008 + .03 x .0002 x 2.54’ 
(4.27 + 4.57) x 10-6 Gold Black: 7 = 

= 29 m s .  

(Speeds of 25 to 50 m s .  have been obtained with gold black.) 

Black Paint (3M/Zapon): 

3 
.008 x . 0 1 2  x (. 03 x .0002 + .05 x .00008 + . 4  x .0004) x 2.54 r =  

(4.27 + 4.57) x 

= 302 m s .  

Since the gold blackening is a delicate material and t i m e  constant is un- 

cr i t ical ,  an  appropriate paint should be very satisfactory. 

Section 3.6 
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Section 4 . 0  MECHANICAL DESIGN 

4 . 1  SENSOR HEAD 

Each sensor head, (Figure 4-1) , consists of two sections, the optical 

assembly and the commutator section. Size is determined by the primary mirror, 

which is related to the aperture, available infrared signal energy, and detector 

size. The commutator section is of a sandwich construction fitting between the 

optical  assembly and the mounting flange, actually forming part of the mechanical 

support for the optical assembly. Both assemblies mount on a central support 

web , and when the mounting flange and the protective outer cover are removed , 

all cri t ical  components are  accessible .  The neon lamp matrix can be removed 

completely , leaving the photoresistors exposed. The cover plate on the optical 

assembly can  also be removed to  permit access to  the detector bidge. 

The m o s t  cri t ical  part of the mechanical design is related to thermal grad- 

ien ts ,  particularly on the detector bridge: this  problem is further complicated by 

the need to  heat the commutator section. Consequently the commutator section 

is well insulated from the outer housing to minimize heating power. 

heat flows through the optical section because it is only attached to the central 

mounting web at one surface , and through insulation. 

None of th i s  

Both the optical assembly and the commutator section a re  electrically 

insulated from the outer housing and are  at circuit ground. This is done with 

the s a m e  insulation which provides the thermal isolation. 

Alignment may be done by rotation of the head about a pivot point, as 

shown in Figure 4-1. The mounting is not determined at this  t i m e  , and many 

techniques can  be used other than that shown. Another possibility is the  u s e  of 

a circular cut  alignment groove , with a muting tongue ring on the vehicle 

this case the sensor head could be aligned and held with the s a m e  ring. 

In 

4.2 OPTICAL ASSEMBLY 

This section , shown in  Figure 4-2, resembles a 90" wedge with the mirror 

at the back. detectors are mounted on a detector 

bridge and are  at the mirror focal plane. T o  prevent loss of thermal contact at 

Ninety thermopile' 

Section 4 . 2  OPTICAL ASSEMBLY 



-21 rT _ _ _ _ _ _ - - -  ------------- 

I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

I 
I 
I 
I 
1 
I 

? e 

\ z 
T 
c 

I 
z 
? 
i 



w 
v) 

z 
0 
! 
a 
0 
I 
> 

k 
w z 
J 

a a 

a 
a 
n 
a 2 

w 



MECHANICAL DESIGN Page 4-4 

I 
I 
1 
1 
1 
t 
1. 
I 
r 
1 
II 
4 
1 
f 

COMMUTATOR SECTION Section 4 . 3  

joints ( in  hard vacuum) , the  bottom plate,  the side wal ls ,  and the detector bridge 

are machined from a single piece of aluminum. The detector bridge is shaped so 

that heat conductivity to a given point is maximum while the heat capacity from 

that point to the center of the bridge is minimum. This results in a third power 

curvature which gives  minimum gradient for dynamic temperature variations of 

the s ide walls. Gradient is also reduced by the narrow cuts  which are  shown 

on either end of the detector array. These effectively shorten the bar, and under 

dynamic temperature variations make  the detector array approximate a n  isothermal. 

To reduce heat flow through the center of the bridge, the printed circuit retainer 

also acts as a heat shunt (a bonding material is used at its ends,  which a re  also 

screwed down). 

Five detectors are  deposited on a single substrate,  which is held in posi- 

tion with clamps secured to  the bridge with nut rings, as shown in sections AA 
and BB. The upper clamp screw also holds down the printed circuit lead assembly, 

Eighteen substrates comprise the detector- array in  each head; - _  

4 . 3  COMMUTATOR SECTION 

Potentials produced by the thermopile detectors a re  very small, and to 

prevent pickup the commutator section is as close to the optical head as possible. 

The s i z e  of the optical head permits a sandwich structure with B O O  neon lamps 

closely spaced. Since under.100 channels aye desired,  two-lamp redundancy is 

possible.  Each cell has  two lamps above it, and the cell can be as large as the 

lamps in projected surface area.  To minimize electrostatic pickup , the neon 

lamps are  separated from the photocommutator cells by about 0.50 inches.  Printed 

circuits going to the photocommutator cells and to the neon lamps complete the 

sandwich, which is shown in Figure 4-3. 

The egg-crate reflecting walls are attached to the neon lamp assembly and 

extend down to  the surface of the photocommutator cells. The commutator cells, 

Figure 4-4 ,  are  assembled in banks of five,  and these assemblies f i t  into a sup- 

port frame. The commutator cells are  made with two active areas  , which are  

shorted together to give a measure of redundancy. 



+- 



Each ce l l  shal l  meet the following specifications with both halves i n  parallel: 

1) Impedance then excited: R < 1000 ohms. 
2) Impedance vhen dark: 
3) Above ilnpedances to  be obtained wer an operating temperature range of +3OoC to +7OoC. 
4) bposure l ight  source to  be high brightness GE type A l C  neon lemp with 2 milliamperes 

excitation current, envelope to come no closer than 0.25" from active ce l l  surface. 
5) upon exposure, resistance should decrease from dark value to  less than 1000 ohms in  less 

than 1.0 millisecond a t  any temperature between +3OoC and +7OoC. 
6 )  Upon extinction of l ight  source, resistance should reach 100,OOO o b  in  less than 4.0 

milliseconds a t  any temperature between +3OoC and +7OoC. 
increasing to  exceed 2 megohw i n  less than 10 milliseconds from the instant of extinction. 

7) As a design goal, it is desirable that the upper and 10- operational(or storage)temperature 
limits be extended to  a maximm of +WoC and a minimran of -5OoC, while maintaining 
resistances and response speeds within the limits described above. 

(see note 4) 
R > 2 megohms. 

Resistance should then continue 

r- 
L.FAAD.5 SPACED 

.I A s  C L O 6 E  7DGETHER 
AS PRACTICAL. TRIO 
MAY BE LDCATED ANYWRWE 
ON BLOCK W I T H I N  .010 INCH 
BOUNDARIES. 

.IOU ABSOLUTE 
MAXIMUM 

Figure 4 - 4  COMMUTATOR ELEMENT 
BARNES ENGINEERING COMPANY 2 930 
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The neon lamps are type AIC midget s i ze  high brightness lamps, alumi- 

nized on their back surfaces.  To  avoid insulating their l eads ,  the backing plate 

can  be made of g l a s s  epoxy board, rather than the aluminum shown. 

The temperature limitations of the commutator cells necessi ta te  heating 

below +30°C, while the upper l i m i t  of +7OoC p e a n s  that no heat should be d iss i -  

pated at that temperature. The simplest method for achieving this  is the use  of 

positive temperature coefficient resistors , such as those available from Ferroxcube 

Corporation of America. These resistors serve both as temperature sensors and 

as heaters.  Figure 4-5 shows the power dissipated by a n  arrangement of these  

devices as a function of outer housing temperature. Figure 4-5 shows the com-  

mutator case temperature vs . outer housing temperature with the positive temper- 

ature coefficient resistors and the neon lamp power being dissipated.  The neon 

lamp power (3 60 milliwatts continuous) would result in overheating at +7 0" C , 

however, a snap action thermal shunt can be used that provides a good thermal 

conducting path to the outer case at +65'to +70°C and releases  at +35 to +40°C. 

(This shunt must be electrically insulated.) 

4.4 PRINTED CIRCUIT ASSEMBLIES 

The large number of electrical connections in each sensor head necess i -  

tates the use  of flexible printed circuit harnessing. Two assemblies are  required: 

the interconnecting harness between the det'ectors and the photocommutators and 

the neon lamp matrix connections. Mylar appears to be an  excellent base  ma-  

terial , having good overall immunity to the space environment. One ounce copper 

will be used for the detector-commutator harness I and two ounce f o r  the neon 

matrix. 

4 .4 .1  Detector-Commutator Harness 

Figure 4-6 shows this  lead assembly. The wires from the detectors lie 

in  notches in the ends of the harness leads ,  where they are soldered in place. 

These leads I which are about .OlO inches wide, pas s  through a s m a l l  heat lock 

and then narrow down to .004 inches. The heat lock is a region of thermal con- 

duction to  the detector bridge designed to  shunt heat coming from the commutator 

PRINTED CIRCUIT ASSEMBLIES Section 4.4 
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section away from the detectors. The narrow leads assist in this  action by pro- 

viding a high thermal impedance to  any heat flowing to  the detectors. After 

leaving the detector bridge , the leads widen to 010 inches again in another 

heat  lock to the optical assembly, with the same result as before. The leads 

narrow t o  about ,006 inches and proceed to the commutator section. Here they 

widen considerably into a third heat lock on the commutator section. This heat 

lock keeps the photocommutator cell printed circuit connections at the same 

temperature, thus eliminating spurious thermoelectric contnct potentials. From 

th is  heat lock the leads narrow slightly and end at the photocommutator, where 

they form a single-pole, . 
sections are  used - the  remaining ten are  for logic processing). 

9 $-throw switch (actually only ninety detector 

Fig*e 4-6 indicates only sixty leads;  that  i s ,  fifty signal leads and ten 

ground l ines  , corresponding to nearly half the total  number+f detectors.  The re- 

maining de tec tu  leads axe on ano the  layer - 
five signal leads coming from a single detector block. Al l  ground lines are  tied 

together at the photocommutator. The object of th i s  is to minimize pickup area 

in the presence of varying magnetic fields (up to 100 gauss/second) , and to 

provide a safeguard against  ground line breakage ( i .e .  , an open ground line 

disables  only five detectors ,  and the system continues to  operate with a five 

detector gap). 

Each ground line runs close to the 

The complete harness consists of two circuits,  one as shown in Figure 

4-6 and the other with detector and commutator terminations slightly shifted. 

Three layers of mylar or other base material separates and insulates the con- 

ductors. On the top and bottom of the  imbedded conductors at certain pbints 

are  large printed copper areas, which form the heat locks. These a reas  a re  

thermally connected to their appropriate heat sinks by screws, using a bonding 

agent for good thermal transfer. 

4.4.2 Neon L a m p  Matrix 

The commutation of 95 channels by a line-bar matrix is easi ly  done with 

two flexible printed circuits , one with ten parallel l ines , and the other with 

bars running perpendicular to the l ines Two neon lamps, in parallel , are  

PRINTED CIRCUIT ASSEMBLIES s c t i o n  

ten 

4.4 
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connected across  each of 95 intersections of the l ines  and bars.  Activation of 

a single line and a single bar causes  a single neon lamp to glow. 

The l ines and bars run into a cable which goes to the sensor head elec- 

trical  connector. This cable  is insulated and must be physically separated from 

the detector-commutator harness to prevent electrostatic pickup. 

4 . 5  OFFSET REFERENCE SOURCE 

When the detectors are exposed to space ( O O K )  , they tend to radiate out 

through the aperture, cooling down and producing negative outputs. Since de- 

tector responsivities vary as much as 20%, this  negative signal is not the s a m e  

from detector to detector,  varying by much more than the minimum expected signal.  

To avoid these  erroneous s ignals ,  a s m a l l  heat source (Figure 4-7) mounted in 

the aperture (the one spot viewed by a l l  detectors) provides energy to the detectors 

equivalent to that lost to space.  Its radiating surface is parallel to the aperture 

so that the energy emitted to a detector is always equal to that lost through the 

aperture, even when viewed at angles up to 45" from the central axis. This sur- 

face is blackened for maximum emissivity, while all other surfaces are  as reflec- 

tive as possible.  

The unit is supported on Q glass-phenolic rod, and the resistors and tran- 

sistor which provide the'heat are mounted in intimate contact with the body of the 

source. Since silicon transistors are  limited to 200°C, it may prove desirable to 

remove the transistor i f  th is  temperature is attained in practice. 

The unit is controlled by a regulator circuit which examines detector 

cutpts and sets the source accordingly. This circuit is described in the elec- 

tronic section. Figure 4-8 shows the temperature of the source v s .  case temper- 

ature in vacuum operation. Power required as a function of case temperature is 

also shown. 

4 . 6  THERMAL ANALYSIS (See Definitions: Appendix I) 

4.6 1 Detectors 

A s  has  been shown in Section 3 6 , the  sensitivity of a detector is about 
2 .05 volts/watt/cm . Using one half the signal threshold level - 0.5 microvolt - 

THERMAL ANALYSIS Section 4.6 
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as a criteria,  the maximum difference between radiation received and radiation 

emitted is 10 watts/cm . In the worst case, if a detector is 0. Ol°C different 

from another detector,  the difference in radiation will be equivalent t o  a 0 . 5  

microvolt signal. Since the system must be s table  over five detectors to e l i m i -  

nate foreign bodies the maximum temperature difference between these  detectors 

is 0. O l O C .  The m o s t  cri t ical  detectors are  those in  the middle of the bridge, 

where the thermal gradient is highest for heat conducted from one side of the  

bridge to the  other. Since the system frequency response extends to one c p s ,  

there must be less than 0.01"C across the 40 central detectors to avoid gradients 

that  would eventually cross  the threshold. This means that  the maximum temper- 

ature difference across  the entire bridge structure is 0.03"C, as shown in calcu- 

lation (4) .  

-5 2 

4 ,6 .2  Optical Head 

The worst case static gradient occurs if  the sun is shining on a s ide per- 

pendicular to the  detector bridge in  the  Venus orbit (assuming all surfaces a re  

blackbodies, and the radiated s ide is thermally connected to two other radiating 

surfaces and to the mounting flange) 

this  circumstance resul ts  in  a 0.69OC temperature difference across  the bridge. 

If superinsulation is used,  calculations (9) through (12) show that the resulting 

difference of 0.008OC is considerably less than the 0.03"C maximum difference 

allowed across  the detector bridge. Clearly,  anabmrbtive outer surface is not 

the m o s t  desirable ,  and higher reflectivity will further reduce solar effect. 

Calculations (5) through (8) show that  

Direct solar radiation of the  silicon window resul ts  in excessive heating 

(13) unless  the window is thermally connected t o  the optical housing (i. e .  , with 

thin mylar tape A more conductive thermal 

connection will further reduce the window temperature. An estimate of gradient 

across  the window ( 16) shows approximately 1.4OC 

shown in calculation (14) and (15) 

which is quite tolerable.  

4 .6 .3  Commutator 

The heated commutator is a l so  a crit ical  thermal structure, especial ly  

s ince heat  can be transmitted to the  detectors through the  printed circuit l eads .  

THERMAL ANALYSIS Section 4.6 
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In vacuum, the assembly diss ipates  up to 1 . 3  watts at -40°C to maintain +30°C 

at the commutator. Superinsulation is used,  as thermal losses would be ex- 

cessive without it (17). The remaining losses occur through the lead assemblies 

and through the supports, as given in calculations (18) through (25). The temper- 

ature difference produced across  the detector with a 70°C temperature difference 

at the commutator is .007OC maximum (26). This would produce .84 microvolts 

from the f i rs t  thermocouple pair if the hot junction were at the housing temperature. 

The next cold junction (with fifty t i m e s  the conductance of the leads) creates  a 

temperature divider so that the first  pair actually only sees .0035"C, or a .42 

microvolts. In reality the error voltage will be much less, because additional 

gold lead area will be deposited that has  not been considered. Lead terminations 

and connections will also provide thermal impedance. An equivalent thermal 

circuit is shown on the third calculation block, giving thermal impedances in 

proper arrangement. 

4 .6 .4  Dynamic Analysis 

The result  of temperature variations on the outer housing is to produce 

thermal gradients on structures having distributed thermal conductivity and heat 

capacity.  The only structure under consideration which is sensit ive to s m a l l  

gradients and which may be expected to exhibit them under dynamic conditions 

is the detector bridge. A s  shown in Section 4 5 . 1 ,  a gradient of 0.01"C between 

any five of the central forty detectors or 0.02"C from center to end is the maxi -  

mum permissible variation. 

Because of the heat m a s s  of the optical case and the mounting arrange- 

ment, the detector bridge is considered to be entirely symmetrical. As  case 

temperature r i s e s ,  heat flows into the bridge from both ends at a rate determined 

by the thermal conductivity and capacity. 

bridge because of the symmetly', and consequently the bridge may be split at 

the middle, and only a half section considered 

- 

No heat flows past  the center of the 

The equation for heat transfer in  the one dimensional case is: 

L - -  - 
t K 4  

X2 

THERMAL ANALYSIS Section 4 6 
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Thermal Conductivity , both a function of x. where K =  Heat Capacity 

A constant rate of change is considered, so that: 

= M  T 
t 
- 
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For a constant area bar, K is constant,  and the solution of the equation is: 

Using c. g . s . units,  the rate necessary to produce a temperature differ- 

ence of .02"C across  5 c m  on an  aluminum bridge with linear array is: 

.02 x .715 x 2 x 3600 = 4.1,,C/hr. M =  
5 x 5  

which is not satisfactory. 

To  simplify the analysis  , the  equation remained one dimensional , and 

the variation in  area was treated as a variation in K. Integrating equation (1): 

Thermal conductivity is proportional to the cross-sectional a rea ,  Y ,  for 

any point x, while heat capacity is proportional to the volume up to point x. 

Thus the gradient at a point x can be described as the calories into volume from 

zero to x through the area Y: 

%dk - - M  T - - 
X K Y 

This equation was solved with boundary conditions: 

T = O  

(7) 
2 Y = 1 0 c m  a t x  = 10 c m  - -  - 0  a t ~ =  0 T 

X 

2 Y = 1 c m  

THERMAL ANALYSIS Section 4.6 
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I 
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Various functions for Y were assumed, and several significant cases a re  

shown in Table 4-1. The resulting temperature variation is shown in Figure 4-9. 

The bes t  cases were the x (No .  4) and the complex bar (No.  6 ) .  The rate nec- 

es sary to produce maximum temperature difference can be obtained by multiplying 

the rate given in the table for the linear array by ( .02" C/5 cm) and dividing by 

(. OS°C/cm) to adjust  thermal gradient from that assumed in  the original c a k u -  

lation. This number is multiplied by four to convert from 10 c m  to five c m  of 

3 

length, as temperature gradient are proportional to the square of length. For case 

N o .  4 ,  the rate to produce maximum temperature difference is: 
t 

39.5 x .02 x 4 
.OS x 5 = 12.6OC/hr. M =  

For case No. 6,  the rate is 13.5OC/hr. The actual detector bridge design 

closely resembles these  functions. 

In addition, cu t s  were made at  the end of the detector array which effec- 

tively halved the distance from the support to the end detectors,  giving a four 

t i m e s  increase in allowable ra te ,  or up to 55OC/hr. In addition , these cuts tend 

to place the detector array on an  isothermal, giving further insensitivity to hous- 

ing variations. 

THERMAL ANALYSIS Section 4.6 
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The various electronic circuits presented in the overall system block 

diagram (Figure 2-5) are covered in  this section. The entire processing is 

covered , but detailed descriptions are only given for the circuits that  are 

necessary to provide zero-one type inputs IO the output art i tude,  altitude and 

alarm circui ts .  These final output processing circuits are  included to indicate 

one method of utilizing the information present at the outputs of the four signal 

channels to produce the desired final output s ignals .  

Block diagram 5-31 shows the vurious circuits that are t i m e  synchronized. 

Sections 5-1 and 5-2 descr ibes  the circuits shown in th i s  figure. Block diagram 

5-5 shows the circuils that comprise a signal channel.  The electronic circuits 

within these  blocks are given full  coverage in  sections 5-4 through 5-7. 

Figures 5-19, 5-24, and 5-28 are block diagrams of the att i tude,  alt i tude,  

and a l a r m  output processing. 

covered in sections 5-8 through 5-L5, 

The circuits presented in these figures a re  briefly 

5 . 1  MASTER CLOCK OSCILLATOR 

The counting techmques used in th i s  system requires precision timing 

s ig ra l s  (Figure 5 -1) which are  generated by an  asymmetrical multivlbraror shown 

in Figure 5-2 

out  accuracy ro within one count when the processing presenrly considered is 

used. A true digital readout in altitude makes thjs  requirement unnecessary, 

but introduces additional complexiry 

Accuracy oi DetTer rnan 1% IS required T O  mainram aitiwde reud- 

5 .2  RlNG MULTTVIBRATOR 

One hundred channel commutation is performed by two cascaded ten count 

ring counters, which directly control the neon lamp commutator elements The 

master clock triggers the first  (unjts) counter, which activates the l ines .  This 

in turn triggers the second (tens) counter which activates the bars  in the LO x 10 

neon matrlx. These two counters perform commutation in  all four heads simul- 

taneously. 

RING MULTNPBRATOR Section 5 . 2  
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The basic  circuit ,  shown in Figure 5-3, is a ten section multivibrator in 

which one and only one section is conducting during any sample period. Count 

proceeds from line 0 to l ine 9 and repeats. The bas ic  operation can be seen in  

the waveforms given in  Figure 5-4 .  

When the circuit is first  turned on ,  a transistor will begin conducting, 

s ince the bases  are  connected to ground and the emitters to -20 volts 

ing th i s  transistor is Q8, current from the +10 volt supply flowing through Rf 

brings the  emitter potential to  a pcpitive voltage , preventing any other transistors 

from turning on. Signal from the +20 volt supply through its base capacitor keeps 

9 8  conducting until the  synchronizing pulse A forces the transistor off (waveform 

C1) . At  this  t i m e  the collector of Q8 jumps positive from +10 volts , and the 

voltage at B2 r i s e s  abruptly. This causes current to flow into the base of Q9 

through capacitor C turning that transistor on (waveform C2) This current 
t '  e. 

decreases as the capacitor discharges until another synchronizing pulse turns 

Q9 off. Capacitor C continues to discharge through resistor R until it acquires 

a 20 volt potential across  it. The collector potential of Q9 goes posit ive,  as 

does the cppacitor (B3 and C3) continuing the process.  Once the cycle  begins,  

all the capacitor voltages vary in  sequence insuring the correct stepping order 

Assum- 

4 

t t 

An important point i n  the design was t o  insure operation i f  the current 

varied from neon to neon, or if the same neon in four heads somehow failed (or 

a connection opened). This is accomplished by the +10 volt diode coupled 

supply, which provides the current for the e m i t t e r  feedback resistor R f "  
The circuit  will also free run at about one third normal speed if no clock 

drive is present. Timing is much l e s s  accurate in th i s  case. 

The inverse circuit is used for the bar counter, with PNP transistors in 

place of NPN's . Other slight modifications necessary are  indicated in Figure 5-3 r) 

5 . 3  SIGNAL PROCESSING CHANNEL 

Figure 5-5 shows a block diagram Qf the sensor head with the threshold 

Signal flow from detector through to horizon threshold determination 
I 

circuit 

and various corresponding feedback links are  shown. 

SIGNAL PROCESSING CHANNEL 
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Commutation and amplification of the detector outputs results in a usable 

t i m e  varying signal. Each apparent horizon crossover is examined on a t i m e  

bas i s  to determine if it is a spurious foreign body, and reject i f  it is. Recog- 

nition of the t i m e  horizon results in output signal from the threshold circuit, 

which perform various logic functions , including attitude , altitude and spurious 

body determination. The preamplifier signal also sets the radiation off set heat 

source. 

5.4 COMMUTATOR 

Electronically, the commutator is a single pole , ninety-five throw switch 

which sequentially contacts each  of the ninety-five positions , remaining at each  

position for two milliseconds. Ideally, the switch should make and break simul- 

taneously, exhibiting zero ohms when closed and infinite ohms when open with 

no contact potentials. The response speed should be practically instantaneous , 

and very closely follow the switch drive. In addition , capacitive coupling to 

extraneous varying potentials should be minimized. It should have extremely 

long life and be minimal in s i ze  and power. 

Many techniques were considered and abandoned in making this  device I 

including electromechanical switching , fiber optics , electroluminescense , co- 

herent and non-coherent lazing diodes , argon lamps, various neon lamps , and 

numerous photore sistrive materials a 

Midget s ize  high brightness lamps (General Electric , Type AIC) were 

selected to commutate special  photoresistive cells made by Opto-Electronic 

Devices , Inc. , using their No.  3 (or possibly No. 4) material. Both cells and 

lamps will be used in parallel redundancy. Measurements were made on their 

No .  3 photoresistive material, using the circuit shown in Figure 5-8, which also 

shows typical waveshapes obtained a t  temperatures of +79O C,  +25" C , and -37" C 

Of significance is the unvarying fast r ise  (excitation) t i m e  and the increasingly 

slow fall (extinguished) t ime  with low temperatures. 

Also of interest  is the increase in excited resistance at high temperatures. 

(The slope of the top of the waveform in  Figure 5-8B is a result of the high decay 

COMMUTATOR Section 5.4 
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response speed,  which enables the cell to follow the decrease in neon brightness 

with current which occurs in the test circuit.) 

Figure 5-9 is a summary of theltests performed on these cells , and shows 

the t i m e  variation vs. temperature. When excited the cell responds in less than 

one millisecond, remaining at the same resistance level (less than 1000 ohms) 

until the l a m p  is extinguished. When extinguished, it is essent ia l  that  the cell 

reach a high impedance as quickly as possible, since it continues to provide 

signal while its impedance is low. Assuming a detector viewing the sun and the  

four adjacent detectors viewing space ,  the impedance ratio between the sun de-  

tector turning off and the fourth space detector turning on must be 1 O O O : l  in the 

worst case (over 1 megohm). This can be achieved i f  the photoresistor temper- 

ature is not permitted t o  go below +3OoC. Appropriate provisions have been mQde 

so that  the commutator is heated at temperatures below this  temperature. 

If the average dark resistance of the cells is over 20  megohms,  and the 

lit resis tance cell to cell variations are  under 1K ohms, no cross  t a lk  problems 

will occur. The special cells being made for the commutator should eas i ly  m e e t  

these requirements. 

The possibility of non-ohmic terminations producing high resistance junc- 

tions for low signal voltages has  been investigated. Figure 5-10 shows measure- 

ments made on the OED Type 3L5 cell, which shows no appreciable effect. Dis- 

cussions with OED revealed that they are aware of the problem and will avoid 

improper terminations. 

The cells are  excited by neon l amps ,  which are  activated by the line bar 

ring counter. Voltages up to 180 volts are present at the neon lamps , and electro- 

static coupling is reduced by a one half inch separation of the cells from the neons.  

Further reduction can  be achieved if necessary by grounded screening over the cells. 

The neons will be activated with 2 m i l l i a m p s ,  which brings them well into 

the high brightness region. The anticipated life of the commutator neons,  (based 

on duty cycle and manufacturers life expectancy figures with 2 m i l l i a m p s  of ex- 

citation current) is approximately a million hours. 

COMMUTATOR Section 5 , 4  
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5.5 SIGNAL AMPLIFIER DESCRIPTION 

The signal amplifier shown in Figure 5-11 is designed to produce a logar- 

ithmic output response as a function of the input signal (Figure 5-11). In addition, 

both the low and high frequency cutoffs vary as a function of the instantaneous 

signal level. These characteristics effectively compress the 500 to 1 anticipated 

input signal dynamic range to 50 to 1, and produce minimum noise at low signal 

levels by providing minimum bandwidth when low level signals are being received. 

With high instantaneous signal levels ,  the bandwidth is extended to permit rapid 

return to space level after scanning through the sun without producing excessive 

overshoot. If excessive overshoot occurred, it would not be possible to tell if 

the level  reached while scanning a cold moon surface immediately subsequent to 

viewing a hot moon horizon region corresponds to space or the cold moon surface. 

5 .5 .1  Gain Considerations 

The amplifier configuration shown in Figure 5-11 uti l izes both fixed in- 

ternal and variable overall negative feedback stabilization to control the overall 

gain and frequency response characteristics. Transistors Q1, Q2, and Q3 provide 

the forward loop gain,  and resistors R 6 ,  R 7 ,  and R8 set the forward loop gain at 

a million. 

Output transistor Q4 provides phase inversion to drive the field effect 

transistor QS. Transistor Q5 acts as a variable resistor to control the overall 

negative feedback around transistors Q1 through Q3. This varies the overall 
5 3 amplifier gain from 1 0  to 5 x 10 as the output signal varies from 0 to 5 volts. 

The field effect transistor (Q5)  is operated in the non-pinchoff region of 

its character is t ics ,  and therefore acts as a voltage controlled resist ive element. 

The control input is provided to the gate terminal of Q5 from the amplifier's final 

output through R15. With changes of gate-source potentials from 0 to +5 volts, 

the drain to source resistance varies from under 1 K  ohms to over l O O K  ohms. The 

speed of response and input-to-output isolation is adequate to cause  no difficulties 

over the amplifier's normal amplitude and frequency range. 

SIGNAL AMPLIFIER DESCRIPTION Section 5 .5  
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To obtain resist ive region operation of the field effect transistor,  it is 

necessary to provide proper biasing and phasing of the various signal potentials 

applied to the device. The following restrictions have to be satisfied: 

1. The gate terminal should be close to 0 volts or positive in respect 

to the  source terminal. 

2 .  The drain terminal should be close to 0 volts or negative in respect  

to t h e  source terminal. 

Condition "1" is m e t  by choosing resistor R10 in conjunction with R14 to 

set the collector of Q4 to the proper zero signal voltage level. R13, R14 and Q4 

then comprise a feedback stabilized unity gain phase inverter with D . C 

lization of the output quiescent potential. In addition, because input signals 

are  normally positive, and the output of Q4 is in  phase with the input polarity, 

the input drive to the gate of QS is also positive. 

stabi-  

Condition "2"  is satisfied because the output of Q3 goes normally negative 

when input signals are  present. Also, resistor R9 in conjunction with R3 and R10 

provides overall bias  stabilization around transistors Q1, Q2 and 9 3 ,  thereby 

satisfying the remaining restrictions of condition 'I 2".  

5 .5 .2  Overall Feedback Amplifier Desisn Formulations 

G =  - 

E output = Signal Amplifier Output 

E input = Signal Amplifier Input 

A = Amplifier forward loop gain 

E output A 
E input 1-AI3 

a x %, with R <<R and R6 c<(R4 + Rs) G 3  R4 
B =  2 

- d2 (R1 + where R bears the following relationship to 

( 3) 
R2 + (Rl  + R  1 ' Q5 Q5. 

RG - 
. .  

E output: 

Section 5.5 
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TABLE 1 

5 3 4  (Volts) 0 1 2 
output E 

R (Ohms) 
Q5 

1 K  2K 3K 6K 15K lOOK 

If: (R1 + RQ5 Min.) <<RZ < R Max. 8 - Q5 
then: 

(R1 + R Min.) determines G Q5 m a x  . 

determines G R2 R o 5  Max. 
R2 + R  Max. min . 

9 5  

The desired output vs. input transfer function is such that: 

8 1p.V input produces 0.1 volt output max. A. With G 

= LOS max . therefore, G 

8 l m v  input produces 5 volts output min . B. With G 

therefore, G = 5000, min. 

Page 5-19 

To achieve the desired gain variation, the following relationship has  to 

be satisfied: 

R,:! (Rns max.  

2 9 5  
2o (R + R Q 5  mind) = R + (K rnax.)) 1 

If R1 = 1I<s1 and R2 = 80IG-2 

Then (6) is satisfied,  and RG vs. E has  the following relationship: output 

TABLE 2 

(Volts) 0 1 2 3 
EOutput 

4 5 

RG (Ohms) 2K 3K 4 K  6.5K 13K 40K 

SIGNAL AMPLIFIER DESCRIPTION Section 5.5 
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, and R provide negative feedback stabi- In the  signal amplifier, R 

lization around the individual transistors. This controls the amplifierls forward 

loop gain and sets it to be approximately one million, iTespective of the tran- 

s is tors  I normal gain variation and differences. 

6' R7 8 

Because the controlled forward loop gain is 10 t i m e s  the maximum desired 

gain,  and 200 t i m e s  the minimum desired gain,  the "A" term in  formula (1) can be 

considered infinite. 

The approximate gain can then be expressed as: 

R x R 4  
N -  (-1 

RG R5 

1 G N -  -B (7) 

R4 ,  R and R3, 

to produce the desired maximum and minimum overall amplifier gains .  

can be determined (keeping within the restrictions of Formula 2) 5 

The amplifiers overall output to  input transfer characterist ics can  now 

be computed by means of Table 2 and Formula 7 ,  and Figure 5-12 is a plot of 

the overall response . 
5.5 .3  Freuuencv Response Cbnsiderations 

The frequency response of an amplifier without feedback is extended when 

negative feedback is applied around the amplifier. If the open loop amplifier gain 

falls off at 6 db  per octave at both the high and low frequency ends of the pass -  

band, the extension of response at each passband edge is directly proportional 

to the open to closed loop amplifier gain ratio when overall negative feedback 

is applied. 

When combined internal and overall feedback is used in a transistor 

amplifier, the internal feedback determines the open loop gain and frequency 

response irrespective of the individual transistor characterist ics.  Then the 

overall Amplifier parameters can be determined by design, rather than by 

- empirical trimming or selection of critical components. 

5.5.3.1 Hiqh Frequency Cutoff - As previously covered, transistors Q1 through 

Q3 have individual feedback paths which fix their overall gain at 1 million. 

Capacitor C 1  in conjunction with R 8  set the frequency response cutoff of the 

SIGNAL AMPLIFIER DESCRIPTION Section 5.5 
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three transistors to 25 cycles  per second. This determines the open (or forward) 

loop high frequency cutoff. The overall negative feedback loop, enclosing these 

internally feedback-stabilized s tages ,  sets the open (forward) to closed (overall 

feedback applied) loop gain ratio. A s  the amplifier closed loop gain varies with 
5 3 signal level from 10 to 5 x 10 , the open loop t o  closed loop gain ratio is 

changed from 1 O : l  to 2 O O : l .  This causes  the instantaneous high frequency cut- 

off o f  the overall amplifier t o  vary from 250 cycles  to 5000 cycles  per second. 

Note that  in Figure 5-11, C l  (which determines the forward loop amplifier 

cutoff) receives its drive only from the compressed signal output. For th i s  reason, 

a n  equivalent circuit can be generated that greatly simplifies the amplifier high 

frequency response characterist ics.  The entire amplifier is considered as having 

no internal high frequency restrictions. I t  is then followed by an  RC low pass 

filter with a t ime  constant of 0.7 milliseconds. By means of the amplifier 

amplitude transfer function (Figure 5-12) the input signal waveshape is trans- 

formed into the generated amplifier output signal. This signal then passes  

through the 0.7 millisecond low pass output filter. The resultant is the final 

amplifier output waveshape for the input under consideration. 

5 .5 .3 .2  Low Freuuencv ResDonse Characteristics - The various low frequency 

cutoffs in  the signal amplifier and subsequent coupling networks produce over- 

shoots at the trailing edges of input pulses .  A s  originally mentioned, excessive 

overshoots would produce confusion as to  whether space or cold moon was being 

viewed after receiving a large input signal from the sun or a hot moon limb region. 

In addition , transistors produce predominately low frequency noise ,  and it is de-  

sirable to restrict  the amplifier low frequency response to what is actually required 

to minimize this  noise. 

The predominant low frequency response limiting network cpnsi-sts of C 4 ,  

D1, R 1 1  and R 1 2 .  The values of R11 and R12  are so chosen that when the voltage 

out of C2 goes minus one volt due to signal drive, diode D1 stops conductibg. 

Between zero and -1 vol t ,  the resistance affecting C4 is R12;  with signals that  

produce greater than -1 volt, the resistance affecting C4 is (R12 + R13) in parallel 

wi€h R 1 1 .  

SIGNAL AMPLIFIER DESCRIPTION Section 5.5 
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The resistance values are: related as indicated below, 

1 R 1 1  xR13) 
7 [‘R1l + R13 and are so selected that R12 

C4 is then determined to produce a t i m e  constant of 200 milliseconds 

in  conjunction with R12 .  

The result is that  for output signals whose instantaneous values are  less 

than 1 volt , the low frequency cutoff of the network is 1 cycle per second, and 

for s ignals  over 1 volt, the low frequency cutoff is approximately 0.15 cycles 

per second. Consequently, the bandwidth is m o s t  restricted when the signal 

level is low and noise is crit ical ,  and is allowed to increase at high signal 

levels  when noise is no longer qitical. 

With the selected R and C values ,  the droop produced by the  circuit on 

the top of a 4 millisecond duration input pulse of 5 volt amplitude is .015V. 

This corresponds to the overshoot at the  trailing edge of the pulse produced by 

this  network af ter  scanning the sun. 

The 400°K hot moon produces a 200 microvolt input signal,  which resul ts  

in a 3 . 6  volt signal into the network. An 8 millisecond duration 400°K moon 

signal would produce a n  overshoot of .02 volts. 

Additional low frequency cutoff networks in the amplifier cause  additional 

overshoot and droop. To  get the total overshoot at the preamplifier output for the 

sun and moon conditions just  covered, it is necessary to evaluate these  as well. 

Then , by using superposition , they are  all summed , and yield the total overshoot 

at the amplifier output. 

There are two such additional networks. The first includes the input 

coupling capacitor C2, which is so selected as to minimize any overshoot. The 

second network includes C 3  , which does contribute to the output waveshape 

overshoot. In this  amplifier configuration , the negative feedback signal developed 

across  R5 is fed into the low side of the signal source. The feedback then passes 

through the detector-commutator 

SIGNAL AMPLIFIER DESCRIPTION 
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into the base  of Q1, thereby closing the loop. Resistor R15 provides the feed- 

back path in  case the detector-commutator continuity breaks. 

The effective amplifier input impedance (as seen by the detector-com- 

mutator array) is the actual open loop input impedance multiplied by the open 

loop to closed loop gain ratio. The apparent value of C2 is similarly increased, 

thereby providing maximum fidelity transfer of the detector-commutator output 

into the amplifier (the effective input impedance ranges from 50K ohms to 1 

Megohm, and the effective series input coupling capacitor varies from 1000 bfds 

to 2000 ufds). 

The detector commutator output dynamic range of 1000 to 1 necessi ta tes  

such large t i m e  constants at the amplifier input. This effectively eliminates 

large signal overshoot and droop at the input Capacitor C2 , in  conjunction 

with the amplifier input, responds to this  large input signal dynamic range, 

even though the output is compressed t o  50:l. 

Capacitor C3 , however responds to the more restricted output signal 

dynamic range. Therefore , the value of C3 (in conjunction with R3, R4, R9 , 
and R10) is used to set the effective low frequency cutoff (as seen at the.  . 

collector of 93)  and thereby control the overshoot. The capacitor value used 

provides a n  effective minimum low frequency cutoff up to the collector of Q3 

of 0 . 1 6  cycles  per second, while the output signal is less than 1 volt (input 

under 10  microvolts). The low frequency response extends proportionally with 

the increasing overall negative feedback as the signal level increases to 5 volts 

at the  output (corresponding to 1 millivolt input). At a five volt outpur. level, 

the effective low frequency cutoff is one-twentieth of 0.16 cyc les ,  or .008 

cycles  per second. 

This low frequency cutoff determines the droop on the top of a pulse.  

With a 4 millisecond duration, 5 volt output pulse amplitude, the droop is 

approximately 1 millivolt , which is negligible. 

The overshoot at the end of the pulse is determined by the output pulse 

amplitude and t i m e  duration, in conjunction with the amplifier's effective low 

level signal t ime  constant. It can  be expressed by the following relationship: 

SIGNAL AMPLIFIER DESCRIPTION Section 5.5 
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Volts overshoot at Q3 output" 

= Output Pulse Amplitude (Volts) x Output Pulse Duration (seconds) 

With a 4 millisecond, 5 volt pulse (maximum sun signal) ,  the overshoot. 

would be .02 volts.  This corresponds to 0 2 microvolts at the amplifier input. 

Correspondingly, an  8 millisecond pulse of 3.6 volt amplitude (maximum 

moon signal) would produce approximately . 0 3  volts overshoot. 

When processing pulses  due to sun or moon, the maximum combined 

overshoots produced by all the amplifier low frequency networks is less than 

0.5 microvolts (referred to the input) 

volts from a l Z O ° K  moon signal,  adequate safety margin is provided to assure  

whether space or cold moon is being viewed at the termination of these high 

signal pulses  . 
5.5.4 N o i s e  Considerations 

With a minimum input signal of 2 micro- 

N o i s e  problems are m o s t  significant when signals from either space or 

the cold side of the moon are being processed. With either of these two con- 

dit ions,  noise peaks of over 1 microvolt (referred to the input) of the proper 

superimposed polarity and t i m e  durations can  prevent these two situations from 

being resolved 

With input signals ranging from slightly negasive to +10 microvolts, the 

effective amplifier bandwidth extends from 1 cycle to 250 cycles  per second. 

The limiting noise sources at the input is a 50 ohm thermopile detector, in ser ies  

with a pair of light exposed cadmium selenide cells (commutator switch segment 

and the "1" element of the "0-1" switch) - The two Cadmium Selenide cells have 

a combined ser ies  resistance of 2K ohms. 

The Johnson noise in a 250 cycle bandwidth of the 50 ohm thermopile is 

less than 0 . 1  microvolt peak-to-peak. The Johnson noise of the ZK-ohm re- 

s is tance cadmium selenide elements is approximately o 5 microvolts peak-to-peak, 

which is sufficiently high to mask the detector noise ,  and make it negligible 

* Using a one second equivalent t i m e  constank. 

SIGNAL AMPLIFIER DESCRIPTION Section 5 .5  
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When the 120°K moon is present, the signal at the input. is 2 microvolts. 

With an earth-space threshold level setting of 1 microvolt referred to the input, 

a maximum input referred peak-to-peak noise of 2 microvolts is acceptable,  

The acceptable noise level when space is being viewed is more difficult 

to ascer ta in ,  and is dependant on the form of processing in the subsequent 

threshold circuit. There, a clamp circuit is used to set the signal to zero volts 

while space is being viewed. If the clamp is "soft", (or a programmed transistor 

is used to provide non-polarity sensitive clamping action) the peak-to-peak noise 

excursions will be symmetrical around zero vol ts .  Then 2 microvolts of peak-to- 

peak input-referred noise is again acceptable. However , if a "hard" clamp is 

used ,  (i. e .  : one that sets to the peak, rather than the averaqe , of neqative 

polarity noise peaks) , only 1 microvolt is acceptable.  

An additional factor is the amplitude-time interrelationship of the threshold 

It 's arrangement is such that only positive excursions of over 1 microvolt circuit. 

whose t i m e  durations are lofiger than 8 milliseconds cac cause output response.  

This  action tends to eliminate shoot duration positive excursion noise compofients , 

and thereby reduces the weighting of high frequency r,oise components that lie 

above 5 0 cycles  per second 

acceptable input-referred peak-to-peak noise is 2 microvolts. 

Considering the overall performance, the maximum 

Since the theoretical peak-to-peak noise at the amplifier input is 0 .5  

microvolts , and the acceptable noise is 2 . 0  microvolts , the amplifier noise can  

be 1 2  db above the theoretical noise l i m i t .  With currently available transistors,  

this is realizable (although the input stage transistor will require empirical 

selection).  

It should be noted that inherent transistor noise ,  and not the input im- 

pedance value determines the limiting noise.  Tes r s  conducted on low noise 

transistors show no appreciable noise increase at transistor ourputs when the 

input impedance is varied from 0 ohms ro 5K ohms, Less than 6 db  of output 

noise increase occurs when the input impedance is further raised to  30K ohms. 

Therefore , reducing the ser ies  impedance of the commutator TO under 2K ohms will 

not reduce the effective input Izoise, 

SIGNAL AMPLIFIER DESCRIPTION Section 5 .5  
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I t  has  been found that by using 100K-ohm input impedances, a transisror 

noise can  approach 3 db of the XOOK-ohm theoretical noise l i m i t  in a 2 cycle to 

250 cycle  band. To achieve a 1OOK-ohms input impedance in this system, a very 

large transformer would be required to couple the commutator output to the ampli- 

f ier  Input. Even i f  a very extended low freauency response transformer were 

available which did not have pickup or microphanic problems, it still would not 

be usable 

currents due to signal excitation would produce voltage fluctuations at the corn- 

mutator output when different resistance commutator cells are exposed * These 

voltage fluctuatiorx would appear as spurious levels at the amplifier input. The 

required resistance match of the 95 cadmium selenide cells used in each commu- 

tator i s  not realizable. 

Because of the large primary inductance required , any residual primary 

The utilization of a field effect transistor as the input stage was a l so  

considered as a possible means of obtaining a better noise figure. However, 

this device requires an  input impedance of over 1 megohm at very low frequencies 

to achieve its low noise operational capability. This would require using a n  even 

more impossible coupling transformer, and therefore had to be ruled out as a 

practical means of realizing lower system noise figures. 

T o  achieve lower noise , some new state of the art device will be required 

One such possibility is a recently developEd parametric amplifier , which obtains 

very good low frequency noise figures with input IrnpEdarrces arour,d 2 thousand 

ohms This device , along with any others that may be developed , will be con- 

sidered in further detail  as possible means to obtain better overall system per- 

formance in the future. 

5.6 OFFSET SOURCE DRIVE CIRCVIT 

The radiant offset heat source is adjusted in temperature to counterbalance 

detector radiation through rhe window to space.  The criteria for proper balance 1s 

that the radiating detector produces zero microvolts output. If this  voltage he- 

comes negative , power into the offset heat source is increased; if  positive , the 

power decreases .  

OFFSET SOURCE DRIVE CIRCUIT 
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The gain of the preamplifier is utilized toobta in  a high level signal whlch 

contains the offset information. This signal is suitable for processing when refer- 

ence d-c levels have been restored. Referring to Figures 5-13 and 5-14,  the 

preamplifier signal (waveform A) appears at the coupling capacitor. If the visual 

horizon is seen ,  five elements later horizon crossover is verified and the zero 

volt clamp drive signal causes  the input to be shorted. (In waveform A, the  

horizon signal is the synthetic signal which causes  crossover i f  no visual horizon 

crossover has  occurred over the 90 detectors.) After five sample periods the  

shorting ceases and the cycle begins again at the first  detector (0). The inter- 

rogate signal (D) allows the signal to appear at the error amplifiers input (E) for 

ten  sample periods. 

The diode D2 passes negative going signals during the interrogate period, 

and the offset heat source is adjusted by the average of the negative going signal,  

if it goes negqtive at all. 

If the signal is negative with respect to ground, as shown in waveforms 

A1 and D1,  the error amplifier output may  increase to 19 or 20 volts (waveform 

F1) from the nominal 4 to 5 volt level. 

If it is positive with respect to ground , the error amplifier is turned off , 
and no power is supplied to the offset heat source (A2 ,  D2 , and F2) 

The error amplifier has  a gain of approximately 2000 (or 200 with a 1 O : l  

duty cycle) , and performs the function of maintaining the error amplifier output 

for the period between negative going interrogation samples 

during th i s  period is 2 . 2  seconds,  while the charge t i m e  constant is . 0 1  seconds 

during the 0-9 period. 

The t i m e  constant 

The null tolerance will be 0 to -1 microvolts, referred to the input. This 

means at 0 or positive microvolts input, the power output is zero,  and at -1 micro- 

volt, the power output is maximum. If during the 0-9 period, only five elements 

view space, the gain drops to 100 and the null tolerance is correspondingly 0 to 

-2 microvolts. 

Of significance is the diode D 1 , which prevents interrogation from occur- 

ring when the threshold has  been crossed and the input is grounded. The coupling 

OFFSET SOURCE DRIVE CIRCUIT Section 5 ., 6 
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capacitor is set during this  period through transistor 91, which is conducting. 

At the first detector,  transistor Q1 is turned off, and remains off while foreign 

body and planet signals are  present allowing the input capacitor to follow such 

signals  without loosing its ground referred voltage and preventing serious pre- 

amplifier loading. Also , i f  positive signal occurs during the 0-9 interrogation , 
diode D2 disconnects and again no current flows through the input q p a c i t o r .  

If the space signal is very negative, some loading does occur. However, since 

signal processing cannot continue properly until the offset heat  source is set, 

this  causes  no operational problem 

5.7 T~RESHOLD CIRCUIT AND ZERO-ONE INPUT 

The elimination of spurious foreign bodies of relatively s m a l l  angular 

s ize  is accomplished on a t i m e  scale by rejection of signal pulses shorter than 

a pre-established minimum. Rapid recovery is essent ia l  so that valid signals 

occurring shortly after such spurious signals can  be distinguished. Such a 

circuit ,  used in other systems developed at Barnes , is used in  this  system and 

is shown in Figure 5-15. 

The preamplifier signal appears at the coupling capacitor (Figure 5-16, 

waveform A),  where the m o s t  negative going signal - representing space - is 

clamped to zero vol ts .  The clamp is shown as a diode clamp circuit, but in 

final form, it will become a transistor clamp. This will provide better clamping 

accuracy and noise excursions will be symmetrical around 0 vol ts .  A sewndary  

input will open the clamp circuit when the input signal is positive or grounded, 

which will minimize overshoot problems in this area.  

Transistor Q1 acts as an  emitter follower, and the voltage at the base 

of Q2 is the s a m e  as the input A less the 0 .1  volt threshold voltage level (and 

less the transistor potential, but this voltage is compensated for by the tran- 

s is tor  potential of 9 2 ) .  When the space signal is present,  the voltage at the 

base of 9 2  is sufficiently negative to keep that transistor in conduction, holding 

its collector potential near zero volts. 
. L  

When a signal corresponding to at $leas% 100°K appears at Q1, the base  

potential of Q2 goes positive just  enough to shut off the transistor,  and the 

THRESHOLD CIRCUIT AND ZERO-ONE INPUT Section 5.7 
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potential at the collector begins to fa l l ,  as shown In waveform @. A potential 

divider from +20 volts keeps transistor Q3 on until the collector potential of Q2 

reaches -8 volts. This means that the signal has  remained above 100°K long 

enough to verify that it is not a spurious body. At th is  t i m e  the voltage at D 

goes slightly negative, which causes  the bistable flip-flop formed by Q3 and Q4 

to switch, Q4 turning on and holding Q3 off. 

The circuit remains locked in this  manner until the negative pulse in 

waveform B shuts transistor Q4 off, resetring the bistable.  Waveforms E and F 

are  the processing outputs of the bistable flip-flop, which a re  used to determine 

attitude and altitude. 

The bistable is a l so  connected to  the " 0 "  and ''1'' neon lamps, which 

activate photoresistive cells, grounding the commutator input when the threshold 

has  been crossed. The actual photoresistor circuit is a series-shunt pair, of 

which one opens (1) and one shorts (0) .  (Depending on the duty cycle ,  these 

neons are on for much longer periods than the high speed commutating lamps, 

and so three or four lamps m a y  be used in redundancy to improve reliability for 

this  element. The power dissipated by the 0-1 pair is always constant for one 

of the two is always on.) 

The operation of the threshold circuit and 0-1 switch can be bes t  under- 

stood by considering a typical scan situation. Figure 5-17 shows the LPHS 

centering on the moon as a reference body 

earth as a spurious body, c rosses  the lunar horizon on the cold night side and 

Head XI scans  space ,  views the 

proceeds past  

hot day  s ide.  

Figure 

the terminator to the hot day s ide .  Scan X I  views the sun and the 

5-18 shows the waveforms generated in this  situation. The signal 

produced by the detectors through the commutator is shown for both channels XI 

and XII. Waveshapes C show the t ime delay effect ,  waveshapes E the threshold 

signal + output, and waveshapes A the preamplifier output showing the action 

of the  0-1 switch in shorting out signal once horizon threshold has  been verified. 

The threshold output signals are then fed into rhe att i tude,  altitude and 

alarm readout circuits.  The following sections cover the operations performed 

by these circuits with the illustrated lunar scan conditions as a n  input. 

THRESHOLD CIRCUIT AND ZERO -ONE INPUT Section 5 .7  
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5.8 ATTITUDE PROCESSING LOGIC (See Figure 5-19) 

The attitude determination is directly obtained as the count difference 

between horizon crossovers of two opposing heads.  Bipolar s ta i rcase generators 

sum clock pulses occurring after the first  horizon is crossed and before the 

second. This sum is held and reads directly as attitude error. When the horizon 

is crossed during the next cycle , the count is immediately rezeroed, and begins 

again.  

5 .9  ATTITUDE ZEROING DRIVE CIRCUIT (See Figure 5-20) 

This circuit is basically an  "or" gate with a differentiator following it. 

The pulse  obtained is limited and both normal and inverse polarity are  obtained. 

Figure 5-21 shows the waveforms 

5.10 ATTITUDE READOUT CIRCUIT (See Figure 5-22) 

Transistors Q l  and Q2 are  normally conducting, shorting out plus and 

minus clock pulses .  Normal signals from channel XI1 and inverted signals from 

channel XI are added to give the signal shown in waveform A in  Figure 5 -23. 

Channel XI c rosses  the threshold first ,  turing off transistor Q1, and allowing 

the posit ive clock pulses (B) to enter the tunnel diode s ta i rcase counter. Here 

the clock pulses  &e stored (C) until the second threshold is crossed and tran- 

s is tor  Q1 again prevents any clock pulses from entering the counter. A standard 

emitter follower, QS, presents the filtered sum of the positive and negative 

counters as tilt readout (E) e In the event that  the XII channel c rosses  threshold 

first  , the  negative s ta i rcase counter accumulates a negative count which is 

read out. 

- 

Each t i m e  the cycle repeats and the threshold is crossed,  the readout 

zeroing drive circuit nulls both tunnel diode s ta i rcase counters. In this  way, 

new readout information is generated each cycle .  

5 .11 ALTITUDE PROCESSING LOGIC 

The altitude processing is somewhat more complicated in nature than the 

att i tude,  principally because of the  large dynamic range required. Figure 5 -24 

ALTITUDE PROCESSING LOGIC Section 5. l b  
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shows the basic  process,  in which the t i m e  interval from the beginning of the 

cycle to horizon crossover for channels XI and YII is obtained as a voltage 

integral. The tilt error signal for X and Y heads is added to rheir respective 

time-voltage integrals (using appropriate scale factors) , giving the space 

subtense angle (180" minus planet subtense angle) as independently measured 

by the two orthogonal sets of heads.  The highest of these summations is read 

out as the altitude output. (A foreign body near the planet limb in one sensor:s 

field of view gives a smaller sum for that  opposing pair of heads.)  The counts 

are zeroed each cycle on the first  detector sample. 

5.12 ALTITUDE RUNUP ZEROING DRIVE MULTNIBRATOR 

This circuit, shown in Figure 5-25, is a one-shot multivibrator which is 

triggered by the zero bar of the ring multivibrator. I t  generates a pulse whose 

timing corresponds to the first  five sample periods, and during its occurrance 

the alt i tude readout circuit is zeroed. 

5.13 ALTITUDE READOUT CIRCUIT (See Figure 5-26) 

This circuit is a precision integrator which charges capacitor C 1  through 

resistor R 1  until threshold crossover is achieved. Transistor Q1 is held at -3 

volts by the resistor divider, (see Figure 5-27, waveshape B) . When threshold 

crossover occurs ,  this  voltage drops to -8 v o l ~ s  . 
voltage is less than th i s ,  transistor Q1 is cut off, and the voltage on C1 is held, 

Since the zener Z 1  firing 

(see waveform C) . A t  the s a m e  instant , transistor Q5 is also cut off , and Q4 is 

driven f r o m  the +40 volt supply (D) , performing the interrogation function (E). 

Capacitor C2 filters the sigpal,  and the addition of the tilt signal is performed 

(F) before the final output stage Q7, which, with the corresponding Y channel 

output transistor selects the largest signal (most space) 

5.14 ALARM OUTPUT 

If the planet (space) subtense angles obtained from the X and Y channels 

a re  not the s a m e  (within two counts),  a foreign body is present,  or a system 

malfunction has  occurred. Jn either c a s e ,  an  alarm output is provided. 

Section 5.14 
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This output is obtained by taking the difference between the sums of the 

threshold s ignals  for the X and the Y channels. A s  shown in Figure 5-28, the 

first threshold crossover from any of the four heads acts through the "or" gate 

to zero the alarm integrators. Then the negative Y threshold signals are  added 

to the positive X threshold signals and the combined sum is integrated. This 

integral is filtered to remove the zero component and becomes the alarm output 

signal.  A new determination is made of the alarm output during each scan interval. 

5.15 ALARM OUTPUT CIRCUIT (See Figure 5-29) 

This circuit cons is t s  of a diode "or" gate, and an  inverter which operates 

a bipolar zeroing drive. A resisrive summing network adds the threshold signals.  

The amplifiers Q1,  Q 2 ,  and Q3 form an operational integrator, which provides 

the alarm output. Figure 5-30 shows the waveforms. 

It should be noted that the a l a r m  output is only significant when the 

attitude readouts are within their linear range. In addition, the alarm output 

must reach plus or minus 4 volts before definite recognition of a spurious body 

can  be determined. The output polarity signifies whether the "X" or "Y'l channel 

readouts are  in error due to spurious body presence 

of output is desired,  an over-ur?der comparator circuit set to *3 volts has  to follow 

the alarm output circuit. 

If only a gob - no go type 

5.16 ELECTRONICS RELLABILITY 

The following is a breakdown of the total number of trpnsistors used in 

the system's electronics. 

Timing and Commutator Drives 

Clock - 2 

Ring Multi - 11,  ( 2  required) 

Signal Channel 
' C  

Preamp - 5 ,  (4  required) 

Offset Source - 5 (4 required) 

Threshold, "0-1" switch - 4 ,  ( 4  required) 

E LE CTRO NIC S RE WAB IL I1Y 
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56 
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Attitude Readout 

Zeroing Drive - 1, ( 2  required) 

Readout Circuit - 5 , ( 2  required) 

Altitude Readout 

Zeroing Drive - 2 

Altitude Circuit - 7 , ( 2  required) 

16 
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12  

6 Alarm Output Circuit 

Pqwer Supplies (+ and - regulation) 

(approximately) 6 

Transistors Total per System = 118 

On the average, 3 resis tors ,  L capacitor, and 1 diode is used with each 

transistor. According to the R .A e D C components reliability handbook, the 

failure rate for each  transistor (conservatively stressed) is 0.22 x 10 ‘-6 failure/ 

hour, and the combined failure rate of the associate resis tors ,  capacitor, and 

diode are about equivalent. 

The mean t i m e  to failure of the electronics section of the system can be  

computed by the following formula: 

1 = 2 . 6  years.  - 4 4  x x 8760 * 

where F = failures per hour of each transistor and associated components 

and N = total number of trnnsistors. 

The R.A.D .C e handbook gives reliability figures for standard grade Mil 

I specification components a If high reliabiliry parts (similar to Minute Man parts) 

were used instead , the ibdividual component reliabilities are increased by the 
L 

following factors.  

1 
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1 ox 

2x 

5x 

5x 

By using high reliability components , the system's overall electronic 

reliability MTBF can  be extended to approximately 7 years.  The system also 

uti l izes thermopile detectors and cadmium selenide cells. L i t t l e  information 

is currently available regarding the reliability of these components. However, 

the overall system configuration is such that single components in these areas  

can  fail without seriously affecting the overall performance. 

It is realized that this equipment may be expected to function without 

maintenance in a space environment for over two years.  With this  t i m e  internal, 

the probability of success  of the system as presented is approximately 70% (using 

high reliability parts throughout) . If better reliability is desired,  redundancy 

should be used wherever necessary to achieve the desired overall probability 

of success .  

One other factor should be  considered in regard to reliability. The 

individual circuits either operate in a zero-one fashion, or are  inclosed by 

negative feedback. For this  reason, (except for a few components such as the 

selected low noise amplifier input transistors) , individual component failure 

must be catastrophic before system failure occurs.  Therefore , slow degradation 

of components due to operation in  space vacuum and radiation f ie lds  for long 

periods of t i m e  should not affect system performance. 
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Section 6 . 0  CONCLUSION 

6 . 1  GENERAL SPECIFICATION 

6 .1 .1  Scope 

This General Specification covers anticipated capabilities of the Lunar 

and Planetary Horizon Scanner prototype, hereinafter referred to as LPHS , that  

would be useful for Lunar orbiters as well as other missions,  including Voyager 

terminal guidance and orbiters of Mars and Venus. 

6.1.2 Description 

The LPHS provides two-axis local vertical position error signals and ap-  

parent angular diameter information to be used for range purposes against  the 

ibllowing celestial objects in the order of their relative priority: (1) Moon, 

(2)  M a r s ,  (3) Venus, and (4) Earth. 

6 .1 .3  Applicable Documents 

N o  JPL Specifications are  included in this General Specification . 
6.1.4 Requirements 

6 .1 .4 .1  Accuracy and Dynamic Ranse - The accuracy and dynamic range capa- 

bility are  shown in Table 6 -1. 

- 

6.1.4.2 Optional Accuracy - The optional accuracy under influence of a d i s  - 
turbing radiant source. 

a. If a single foreign radiant source is within 2" of the planet l i m b  being 

tracked (see Figure 2-31, and is viewed by the system, the accuracy require- 

ments of Table 6 -1 are relaxed to 2.5O null stability and 10% range accuracy., 

In fl ight,  the device yields an  alarm output (into a 50K resist ive load) when the 

optional accuracy applies.  

6.1.4.3 Acquisition Ranae - The LPHS shal l  deliver properly phased error signals 

or search logic signals when the near planet limb is within 91" of the LPHS mech- 

anical  null line of sight in certain configurations, as shown in Figure 2-2. 
I 
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TABLE 6-1 

ACCURACY VS . RANGE FROM SURFACE** 
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~ 

3a Tolerance 
on "abgolute 'I* 

null stability .45" .45" .45" .45" .45" .45" .45" 

33 Tolerance 
on "absolute" 
apparent 
diameter 20% 3.8% 3.6% 2% 1.2% .3% 6% 

Range from 
Planet Surface 
in Planet Radii 50 8.5 8.1 4.1 2.1 .1 .02 0 

Apparent Diam. 
(approximate) 2.2" 11.9O 12.5" 22" 37.6" 130" 157" 180" 

Optional Region Required Region 
for future growth 
potential 

* Absolute null stability is the maximum allowable in-flight angular deviation 
between "the instrument" electrical null position and its external mechanical 
reference surfaces. 
able angular change .) 

(In contrast with resolution which is the minimum detect-  

** Sensor heads are assumed tilted down 9" from positions described in the body 
of this report to reach optional region. 
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6.1.4.4 Time Constant - The system t ime constant is . 3  seconds when viewing 

bodies at 120°K, and 1 . 2  seconds when viewing bodies at 400°K in response to 

a s tep  function change in angular position from null to 1.2" + 30. Time constant 

refers to response within the linear range region only. 

6.1.4.5 Error Siunal Output - The two axis output error signals are step-analog 

. 6  volt per degree (*lo%) with a n  output impedance of less than 3000 ohms 

6.1.4.6 APParent Diameter Output - The apparent diameter output is step-analog 

and is linear. The apparent diameter output will be single valued when the planet 

is within 6" + 3a null requirement of its external alignment reference null position. 

6 .1 .4 .7  Reuuired Power - The following power will be required by the LPHS: 

2400 cycle square wave 104 volt peak-to-peak 

(*5% tolerance on the RMS value) 

6 .1 .4 .8  Prototype Definition - The LPHS prototype developed under this contract 

need not be flight configuration. 

a. An optical breadboard , neatly packaged, the volume of which should 

be approximately the same as the expected flight hardware, is visualized as the 

mechanical configuration of the optical portion of the prototype. 

b.  An electronic breadboard, neatly packaged, the volume of which is 

not specified,  is visualized as a satisfactory configuration for the electronics 

portion of this  prototype 

c. The electronic and optical breadboards , when properly interconnected, 

must m e e t  the other accuracy specifications of this  General Specification 

6.1.5 Anticipated Specifications for the Follow-On Fliqht Units 

The anticipated specifications for the follow-on flight units include the 

following requirements : 

a. Specification No .  3 0258 , Environmental Specification , Mariner B 

Flight Equipment. 
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b.  Specification No .  20061A, JPL Preferred Parts  L i s t .  

c. Specification No .  30237, JPL Component Screening Specification. 

d .  Continuous unattended operation in flight of three (3) years mean 

t i m e  to failure. 

e. It is unlikely that the follow-on flight hardware will be capable of 

withstanding heat sterilization of 145OC for twenty-four (24) hours non-operating . 
6 . 2  SYSTEM TESTING 

Although important tests will undoubtedly be performed in a vacuum 

chamber, the system has  been designed to operate in normal atmosphere (although 

slightly more power is required). Because of the need to test operation against  

cold sources,  a s imple simulator will be constructed which will permit the sensor 

to look directly at the surface of liquid nitrogen as a space reference. Such a 
simulator is shown in Figure 6-1, and would be minimal to permit preliminary 

checkout of the LPHS. 

6.3 ANALOGUE INTERPOLATION 

The logarithmic compression necessary in the preamplifier to reduce dy- 

namic range allows the incorporation of a simplified analogue interpolation tech- 

nique. 

viewing planet is substracted from the logarithmic signal from the next. The anti- 

log of th i s  difference is the percentage of the first  detector that actually sees 

planet. This antilog is finally added to the tilt readouts in correct proportion, 

giving the interpolated signal. 

In this  technique, the logarithmic signal from the first  detector partially 

The technique depends on the infrared uniformity of the planet over a Z 0  

region at the limb. If the planet is not uniform in  this region, the accuracy is 

degraded, but can  never become worse than the inherent digital accuracy. The 

probability of degradation is least on Venus and the Earth, greater on Mars , and 

greatest  on the Moon. 

This circuit is easily incorporated into the system as presently envis ioned,  

and its addition is strongly recommended. 
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6.4 PROBLEM AREAS 
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Several problems were uncovered in the study which will require further 

investigation. The preamplifier described in this  report has  some low frequency 

instability which is not understood. A somewhat different design is being con- 

sidered which also permits grounding one side of the detectors and will be eas ie r  

to evaluate. Basic design criteria are similar for this  preamplifier. 
6 

A recent report reveals that  the Moon may reach 100°K or colder after 

several days of lunar night. This would make operation exceedingly difficult 

as originally envisioned, and signal-to-noise improvement is necessary.  

A further difficulty has  been suggested in  the variation of incidence angle 

on the optical coating. (The Appendix shows the variation of wavelength turn-on 

with incidence angle e) Investigation shows that a n  energy transmission variation 

of +8% occurs from 0" to 45" incidence. This changes to +4% when the sensor 

goes from +70"C to -40°C. By proper aperture obscuration at the ends of the 

mirror, this  change can be reduced to +1% to -3% Without further reduction, 

the +1% variation of the +70"C space radiation offset of -150pV gives a n  im-  

balance of -1.5pV over half of the detector array. Likewise, the -3% variation 

of the -5OpV space radiation offset gives + l .  5pV over half the detector array. 

One additional variation with incidence angle exists in the change in 

absorption due to path length increase at 45" incidence, This amounts to a 

decrease in energy transmission I which partially acts as the aperture obscuration 

described in the preceding paragraph. The Appendix shows the absorption charac- 

ter is t ics  of silicon. 

6% 

These variations, though small, are very significant in lunar operation. 

A short preamplifier t i m e  constant allows such s m a l l  variations to exist along the 

detector array. However, a long t i m e  constant is necessary to eliminate foreign 

bodies. Clamping techniques appear to offer the best  means of solving this  

problem , as this  permits a fast t ime constant while scanning space I and a slow 

t i m e  constant to allow maximum fibelity in examining possible planetary reference 

bodies. N o  processing difficulty is expected in operation on Mars ,  Venus, or 

the Earth. 
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Another significant problem is the possible ionization of the neon lamps 

in penetrating radiation. Little has  been found to indicate how severe such ion- 

ization could be ,  but it is probably restricted to the Van Allen belts.  If the effect 

is only to lower the firing potentials of the lamps, the system will function satis- ~ 

factorily. If, however, all lamps glow to any extent,  system performance will 

be seriously degraded. In deep space,  cosmic rays may produce momentary-lamp 

ionization, but the probability is relatively good that a space viewing element 

will be activated,  which will not produce system error. 

6.5 FEASIBILITY 

Serious problems remain to be solved in  order to achieve operation on the 

dark s ide of the Moon. These problems d o  not appear insolvable, and several 

techniques are  being considered to resolve the difficulties. This will not seri-  

ously interfere with the Phase 11 prototype as presently seen ,  since this  unit 

does not contain the logic processing. 

In the case of Mars,  Venus, and the Earth, no difficulty is seen except 

for possible radiation effects on the commutator lamps. The system appears 

entirely feasible as presently conceived, and the incorporation of analogue 

interpolation as a technique is strongly recommended to improve the accuracy 

to 0.1" on attitude stabilization. 
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APPENDIX I 

THERMAL ANALYSIS 

1-1 DEFINITIONS (as used in the Handbook of Physics and Chemistry) 

A. Calorie 

The definitibn of the calorie is the amount of heat required to raise  the 

temperature of 1 gram (1 cc .) of water 1°C.  

1 calorie/sec = 4 e 186 watts 

The calorie is a bas ic  unit of heat, and is dimensionally identical (only 

differing by a multiplier constant) to British Thermal Units 

1 calorie = .003968 B.T.U. 

B. Specific Heat 

The definition of a material's specific heat is the number of calories re- 

quired to raise  the temperature of 1 gram of material 1°C o Note that specific 

heat relates different materials t o  water on an equal weight basis  

material 's specific heat on a volume bas i s ,  it is necessary to  multiply the 

To obtain a 

specific heat of a material by the reciprocal of its specific gravity. It is more 

convenient to utilize the volumetric specific heat of a material in thermal compu- 

tations because physical structures are generally specified in length dimensions 

rather than by weight. 

C . Thermal Conductivity 

This is defined a s  the number of calories per second required through a 

pair of opposite f aces  on a 1 c m  x 1 c m  x 1 c m  cube of material to obtain 1°C 

temperature differential across the cube 

ent ia l  is measured along 1 c m  length of caloric flow, and that the calories are 

Note  that  the 1°C temperature differ- 

flowing through a uniform cross-section of 1 square c m .  
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D e Thermal Resistivity 

A material's thermal resist ivity is the reciprocal of i ts  thermal conductivity 

Dimensionally, the thermal resistivity of a material is the degrees centigrade 

temperature differential obtained by causing 1 calorie per second to  flow along 

a 1 c m  path length through a 1 square c m .  crossection of material. Note  that  

the temperature differential is measured along (and not across) the directions 

of caloric flow e 

E .  Static Cases  

Static c a s e s  involve temperature gradients within and caloric flows -through 

a given structure wherein no temperature variations are occurring with t i m e ,  

(i ,e o: temperature equilibrium has  been achieved) 

number of calories are flowing into and out of any single section within a given 

structure. Solutions to  thermal problems involving thermal s ta t ic  structures are 

relatively simple and do  not require knowledge of a material's specific heat  

This implies that the same 

F. Dynamic Cases  

Under dynamic conditions the temperatures and/or calories throughout a 

structure are varying in t i m e .  Solutions to  these types of problems are more 

involved than for s ta t ic  conditions, and both the specific heat  and thermal 

resist ivity of the structure materials being considered must be known to yield 

solutions.  

G. Radiation Interfaces 

When a structure terminates a t  an outer boundary that faces  space and 

the radiant watts being absorbed and emitted by the surface are known, the 
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watts can be converted directly to calories (see IA) 

considerations involving the surface can then be treated a s  i f  no interface ex i s t s ,  

and the actual boundary only implies the dimensional l i m i t  of the structure 

Temperature and caloric flow 

1-2 BASIC SYMBOLS AND FORMULATIONS . 

1) Q =  Calories 

2)  h = material specific heat per cubic centimeter 

3)  c = material thermal conductivity per square centimeter area 
and per centimeter length 

4 )  r = -  = material thermal resist ivity C 

5) H = V x h = the total  heat m a s s  of a given volume of material 
V =  volume expressed in c m  3 ., 

Dimensionally, H is the number e€ =lories required to  ra ise  the temperature 

of a specified material volume loco 

6) C = '7 x c = total  thermal conductance of a given homogenous section 

where L is the distance i n  c m .  through the material along which 

W x H  

of material 

a constant amount of calories are flowing each  second, 

and W x H is the crossection through which the calories 

are flowing. It is necessary to  have the crossection 

being considered perpendicular to  the direction of 

caloric flow In addition , the calories flowing into 

and out of each crossectional area must be the same. 

Dimensionally, C is in terms of calories per second required to  es tabl ish 

a 1°C differential along a given distance in  a given direction through the 

structure being considered 
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the total  thermal resistance of a given homogenous 
section of structure ,, 

R = 1 I and therefore the same comments on caloric 

flow direction apply for R a s  for C. 
C 

Dimensionally, R is in terms of degrees centigrade temperature difference 

required between two parts of a structure to  produce a caloric flow of 1 

calorie/second through the structure 

I - 3 STATIC CASE THERMAL COMPUTATIONS 

Formulas (6) and (7) can be used in s ta t ic  case  computations to  determine 

caloric flows through and temperature differences across homogenous, uniform 

crossectional area structure sections 

broken down into individual sections that have uniform homogenous crossections 

If necessary,  approximations can be made of complex crossections to  yield an 

average uniform area 

is known, then multiplying "C" in formula (6) by the A T gives the calories through 

the section. Similarly, i f  the calories through a structure section is known, mul- 

tiplying "R" in formula (7 ) gives the d T across the section with the known caloric 

flow 0 

A complex structure can generally be 

If the temperature differential across an individual section 

The summation of the temperature differentials caused by a known caloric 

flow through adjacent sections that comprise the structure yields the over-all 

temperature differential across the structure Similarly, the summation of all 

caloric flows through sections between separated structure areas  yields the 

total caloric flow between the areas being considered 
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With the foregoing, a general statement can be made.. If the various caloric 

flows into and out of a complex structure are known and one point on the . 

structure provides a temperature reference, then a l l  temperatures and caloric 

flows throughout the structure can be determined. 

The thermal solution of a s ta t ic  complex structure requires repetitious compu- 

tations involving formulas (6) and (7),  and additional computations involving 

radiation interfaces.  For this reason, use is made of thermal work sheets  to 

simplify the computations made in  report sections 4 6.2 and 4 6 3 ., The individual 

computations are numbered in the order of their occurrance, a s  results of individual 

structure section computations are s o m e t i m e s  used to determine temperature dif- 

ferentials across or caloric flows through adjacent sections ,, The dimensions of 

the numbers used in each  individual computation is given at the head of each  

column, and the text cal ls  out the final result .  

I - 4 DYNAMIC CASE THERMAL COMPUTATIONS 

Dynamic c a s e  thermal formulations are more complex to derive than those 

for s ta t ic  c a s e s  This 

deals with the temperature differentials throughout a structure driven from one 

area,  which causes  a l l  points in the structure to change temperature a t  an 

equal and uniform rate .  In the situation covered, the varying temperature is 

introduced a t  the ends of the bridge that supports the thermopile detector array, 

and computations are made of the distribution of temperatures along the bridge 

and the maximum degrees per hour temperature rates that the system will acco- 

modate without affecting performance Various shaped bridge structures were 

analyzed and the optimum shape and characteristics are indicated in the text 

Only one dynamic condition is covered in this report 
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One term of importance in dynamic thermal analysis is diffusivity,sym- 

bolically represented by "k", which is the ratio of a materials thermal con- 

ductivity divided by its volumetric heat m a s s  In similar shape structures and 

dynamic thermal conditions , the temperature differential between two points is 

inversely proportional to the diffusivity of the structure's material. The best 

diffusivity figure is obtained with si lver,  and second best are copper and alu- 

minum Magnesium and Ekrylium ~ T R  both relatively poor diffusivities When, 

a s  in this  system, easy  machinability, light weight and high diffusivity are all 

important, aluminum appears m o s t  desirable a s  a choice of structure material. 

It is eas i e s t  to understand the dynamic case  thermal equation presented 

in section4.6by the following example -- assume a bar of material with a uni- 

form crossection of 1 square c m .  and a length of 10 c m .  - let both the thermal 

resist ivity and volumetric heat mass of the bar material be equal to unity. Then 

assume that  one end of the bar is caused to continuously increase in temperature 

a t  a rate of 1°C per second, and the other bar end j s  "space" therminated. If 

the bar were in vacuum, and its outer surfaces were 100 % reflecting, then the 

only source of calories to the space terminated end of the bar would be through 

the bar itself 

second (thermal heat mass = 1) to change temperature a t  a 1" per second rate .  

This one calorie/sec.  would flow through 9 c m .  of bar length from the driven 

end to within 1 c m ,  of the space terminated end 

The last c m  e of length on the bar would require 1 calorie per 
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The next cubic c m  . adjacent to  the l a s t  c m  e at  the bar end a l so  requires 

1 calorie per second to change temperature a t  a 1°/second rate Therefore, 

to supply calories t o  this next to the end cubic c m  . , one additional calorie must 

flow through the first  8 c m  . of bar length e a c h  record e 

Continuing the foregoing to  cover the entire length it is obvious that with 

the conditions s ta ted ,  the difference i n  calories/second entering and leaving each  

cubic c m .  along the bar length is 1, and that the total calories entering the bar 's  

thermally driven end is lO/second, and leaving the space suspended end is 0 

A more general statement of the foregoing is that for a constant 1°/sec.  bar tempera- 

ture rate of change, the number of calories/sec . passing through a crossection 

a t  a point along the bar 's  length is directly proportional t o  the thermal heat mass 

between that  point and the space suspended bar end. From th is ,  the gradient a t  

any bar point can be obtained a s  the forementioned heat mass multiplied by the 

bar material 's thermal resist ivity 

by thermal conductivity, and therefrom comes the necessi ty  of maximum diffusivity 

for minimum gradient i n  dynamic cases  

zero, and is maximum a t  the driven end. 

To obtain the difference in temperature between any two points on the bar, 

(Note that thermal resist ivity equals 1 divided 

The gradient at the bar's space e n d  is 

it is necessary to  integrate the gradients between the two points. Then, by 

knowing what temperature is produced between two points on a specified bar 

driven a t  a specified rate ,  it is possible to  compute the inverse relationship, 

(i .e. what temperature rate of change will produce a specified temperature dif- 

ference), which is the ultimate desired information 
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The following thermal formulations develop the general dynamic single end 

driven bar case. Although these formulations are evolved from the previously 

covered constant crossectional area bar description, they are a l so  valid for any 

bars where the bar's crossectional area can  be expressed as a function of posi- 

tion along the bar. 

DYNAMIC CASE FORMULATIONS - GENERAL. 

Extended bar, one end driven at a constant temperature ra te ,  other end 

space  terminated 

1) V = Volume = L x W x H 

2)  A = Crossectional area = W x H 

where L = X = dist  ,, in c m  ., from space suspended bar end 

W = constant = 1 

H = f (x) 

if  we let L =  T d x + c l  

then 

5) 

and 

with a =  = loC/sec 
d t  

- -  dT - temperature gradient a t  point "x" on bar 
d x  

V(x) - V ( x >  = 1 V ( x )  
A (x) c A (4 k A (XI 

= r h  

where r P  h,  and c are a s  defined in Section 1 - 2  for the 

bar material used, and k = c= material diffusivity. 
h 
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7) 

dT = temperature difference between the space 
0 d x  

suspended end of bar and point "x" on bar, 

to determine ("M") required to achieve X 

temperature difference between the space suspended end 
d t  

of the bar (x= 0) and some point x (x= n) on the bar 

The previous formulas assume that each  crossectional area considered is 

perpendicular to the direction of caloric flow, and that the distribution of calories 

is uniform in each  crossection a t  any instant of t i m e .  Appropriate corrective 

approximations should be used i f  these restrictions are not satisfied 

Table 4 . 1  in Section 4.6.4 covers various bar shapes,  and analyzes their 

8 
I 
1 
1 
8 
I 

gradients and temperature differentials 

the corresponding integrals that  show cros sectional area and the double integral 

As  the bar shapes become more complex, 
I 

functions that provide the temperature difference between points on the bar be- 

c o m e  increasingly more difficult to determine and evaluate.  If is felt, however, 

that  sufficient shapes have been covered to show that the one tha t  is to be used 

is optimum. 
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